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FORE WORD

The capacitor deve lopment ef for t  repo rted herein is supported by the

Air Force .Aero Propulsion Laboratory at Wri gh t -Pa t te rson  Air Force Base,

Ohio. The program is monitored by Mr. Michael P. Doug herty of the Hi gh
Power Branch.

All work was conducted by Hughes Aircraft  Company at its Culve r

City, California facility. Robert D. Gourlay designed the pulse test iristru-

mentation, including load and waveshape control, and conducted many of the

pulse tests. Clarence Stroope and Watson Kilbourne assisted Mr. Gourlay.

Ronald V. DeLong designed and fabricated much of the corona test instru-

mentation, as well as the automatic sequencer for the pulse test equipment.

Ernest R. Haberland, assisted by Mr. Kilbourne, was responsible for the

winder development. Robert S. Buritz and Edward G. Wong fabricated the

capacitors and consulted on capacitor desi gn. Thermal analyses were per-

formed by Peter F. Tay lor and ~~erbert  Rifkin . Donald C. Smith designed

the oil f i l trat ion and filling syste m, and consulted on contamination control .
Richard Holbrook and Norman Bilow consult ed on material propertie s and

chemical compatibility. Joseph A. Zelik and Edward Frysinger  provided

useful suggestions on all phases of the work. James J. Erickson performed

many of the failure anal yses and ope rated the scanning electron microscope.

Many helpful suggestions were provided by Ed Bullwinkle and Ron

Anderson  of the Pete r J. Schweitzer Division of Kimberly-Clark.  The advice

and consultation of Bobb y Gray of the Air Force Hi gh Powe r Laboratory of

the Rome Air Development Center, James J. O’Loughlin of the Air Force

Weapons Laboratory, and Richard J. Verga of the Aero Propulsion

Laboratory were greatly appreciated.
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SUMMARY

This report describes the initial phase of an on-going 
program

conducted by Hughes Aircraft Compa ny to develop lightweight reliable pulse-

discharge capacito rs for airborne application. Two types of capacitors — low

repetition rate and high repetition rate—were to be developed. The h
igh repeti-

tion rate component was to be 4.4 p.F at 15 kV, and was to achieve ZOOJ/lb when

ope rated at 300 pps in a 1 minute on 2 hour off duty. The low repetition rate

component was to be 3. 4 p.F at 40 kV, and was to achieve 500 J/lb when

operated at 50 pps in a similar duty. Both capacitors were to be des igned

for a 20 1iS current pulse representative of pulse_ forming-network (PFN)

ope ration.
The program divided logically into two phases. In the first phase,

the designs and details of fabrication would be worked out, and single

sections (capacitor elements) built and tested. In the second phase, full.

sized capacitors composed of several sections would be built and tested.

This report describes the first  phase.

A lengthy materials study selected polyviny lidene fluoride (PVF2)

film and kraf t  paper for the low repetition rate component , and polysulfone

and kraIt for the other unit. The designs all employed liquid _ impregnated

foil wound sections. A novel winding technique was used to eliminate many

of the failure-producing wrinkles and folds. Special dry ing and impregnating

procedures were developed to further reduce wrinkle s and impurities. A

special highly_ instrumented te st bay simulated the PFN environment and

allowed detailed and accurate testing . The best high repetition rate sections

showed 250 J/lb at io s_ i o 6 shot life at 1 minute on, 1 hour off duty. The

best low repetition rate units showed a sli ghtl y hig her value under the same

V
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conditions. Two basic failure mechanisms were identified as candidates for

furthe r stud y before proceeding to the second phase.

As a result  of the work he rein reported and supp lementary work

performed at Hughes expense , four papers were  give n at confe rences and

published in their proceedings , two papers were  submitted to IEEE Trans-

actions, and one paper was wri t ten and is presen tl y in the clearance process .

These papers are:

1. Robert D. Parker , “E n e r g y  Storage Capacitors of Very Hig h
Density” , Proceedings of the Depar tment  of De fense Pulsed
Power Workshop, White Oak , 1976 .

2.  Robert D. Gourlay, “A  Compact Low Inductance Load for  Pulse
Tests” , Proceedings of the IEEE International  Pulsed Power
Workshop! Lubbock, 1976.

3 . Robert D. Parker, “Pulse Discharge Capacitor Weig ht
Minimization by Peak Fail Ed ge Field s” , Proceedings of the
IEEE Internat ional Pulsed Powe r Conference, Lubbock, 1976.

4. Robert D. Parker, “ Energy Storage Capacitors of Very High
Energy Density”, IEEE Transactions on Parts,  Hybrids, and
Packaging, Vol. PHP- 13, pp 156-165 , June 1977 .

5. Robert D. Parker , “Ef fec t  of Foil Edge Modifications and
Configurational Change s on Energy Storage Capacitor Weight” ,
IEEE Transactions on Parts,  Hybrids, and Packaging,
December 1977.

6. Ronald V . DeLong, Joseph A. Zelik , and Robert D . Parker ,
“Accurate Corona Detector Calibrator for Use  with Hi gh
Capacitance Test Specimens” to be submitted to IEEE Trans-
actions on Instrumentation and Measurement following comp letion
of clearance.

7. Robert D. Parker, Robert D. Gourlay, and Ronald V. DeLong,
“AC Corona Testing of Large-Valued High Voltage Capacitors ”
Proceedings of the National Aerospace and Electronics
Conference, May 1977.
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1.0 INTRODUCTION

Present de sig n concepts for a variety of space and airborne systems

depend upon the emission of electromagnetic energy in intermittent t ra ins  of

short pulses. One of the most feasible methods for storing power supply

energy over relatively long periods and transferring it to the tube or other

active element over relatively short periods is the pulse-forming network,

which is composed of capacitors and inductors. U nfortunately, the size and

weight of the capacitors so employed make the design of an appropriately

mobile energy delive ry system extremely difficult.

Some effort has been devoted in the past to the development of small,

light-weight pulse-discharge capacitors. An energy density of 210 3/kg

(95 J/lb) at 2. 5 kV was achieved by Rice, using a patented metallized elec-

trode configuration on a dielectric composed of polyethylene terephthalate

coated with cellulose acetate. A pulse-service energy density of

3103/kg (141 LT/lb) at 50 kV was produced by Hoffman and Ferrante, using an

unspecified paper/plastic/mineral oil die lectric te sted at undisclosed dis-

charge width and repetition rates. In an effor t  to develop airborne com-

ponents, Hoffman was able to reach 480 3/kg (218 J/lb) at a few pulses per

second, and 264 J/kg (120 J/lb) at moderate repetition rates. These

capacitors which employed a variety of common capacitor materials were

tested in an undisclosed electrical environment. In a similar program,

capacitors that demonstrated 10~ pulse life were made at 110 3/kg (50 J/lb)

and 167 3/kg (76 J/lb). The lower density components were tested at repeti-

tion rates up to 250 pps in 60 second bursts, while the higher density

components we re run at rates up to 125 pps in 30 second bursts .

1
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The intrinsic dielectric strengths of the films available for use in

capacitors range from 3 . 1 MV/cm (8 kV/mi l)  to 5 .9  MV/cm (15  kV/mi l ) ,  so

it appear s that energy  densities in the range 1100 3/k g (500 J / lb)  to

3850 3/kg (175 0 J/lb) ought to be possible. Since these numbers are far in

excess of those reported in the literature, it is pertinent to ask the reason

for the large difference.

Two problems faced in achieving higher energy densitie s are elec-
trical breakdown and thermal failure. Some capacitors used for  pulsed -

energy storage fail because corona arising in manufacturing anomalies or

materials defects eventually punctures the insulation, resulting in a shorted

unit. The second failure results from dissipation of relatively large amounts

of powe r in a poorly-cooled volume . This can take the form of thermal

runaway, insulation failure because of very great local hot-spot tempera-

tures, or excessive thermal expansion. This last failure mode is sometimes

quite dramatic; the capacitor case suddenly ruptures from the internal
pressure.

To develop small light pulse service capacitors, it is important to

understand the failure mechanisms of wound liquid-impregnated capacitors

and to des ign components which eliminate or control them. This was the

approach adopted for this program. A s many known mechanisms as possible
were eliminated in the initial designs. Then, each design wa s tested to
failure and analyzed to determine the failure mechanisms. The next design
was made in such a way a~. to eliminate the newly discove red problem.

This report presents sections on each comp leted program task.

These we re

• Dielectric Systems Selection

• Pad (Section) Design

• Wrinkle Free Capacitor Pads

• Thermal Analysis
A complete statement of work listing each of the nine tasks is found in
Appendix A.

2 
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2.0 DIELECTRIC MATERIALS SELECTION

2. 1 INTRODUCTION

These studies and evaluations were undertaken for the purpose of

select ing the materials of cons t ruct ion for h igh energy density pulse dis-

charge capacitors. The basic objectives here were the select ion of those

combinations of materials which y ield the maximum energy  s torage per unit

mass, have minimal or low elect rical loss , and would be compat ible w ith

the operating environments known and anticipated for such devices. The

materials evaluated included films , foils , papers and f luids .

The film and foil selections for evaluation were made on the basis of

an analysis of those fundamental properties which would dete rmine their
behavior within the device. Their compatibili ty with the other materials of

construction was established on the basis of known solubilities , chemical

reactivities and previous experimental evaluations. With the exception of

the aluminum-chlorinated bipheny l, no experimental work was performed on

the film and foil combinations.

Unlike the films and foils , the papers and f luids  inves t iga t ion  was

largely experimental . Experimentation and testing here was deemed neces-

sary because of several  factors .  F i r s t , t he re  is not existent  su f f i c ien t

fundamental  prope rty information on the candidate papers and f luids , e i ther

singly or in combination. Secondly, the electrical losses in fluids , and also

in certain papers , are  very  dependent upon the processing and pur i f i ca t ion :

hence, the results reported by any investigator are of value only if  the

sample prepara t ion  is g iven .  The impor tance  of p rocess ing  will be seen in

this work when comparing “as - rece ived”  and “ processed” mate r ia l

3
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propert ies .  Fur ther , the paper - f lu id  combination is a compJex d i e l ec t r i c

system whose properties can only be determined experimentally. Since

certain of the dielectric combinations investigated here were not found in

the literature, their properties needed to be determined. Finall y, the

property measurements of all combinations , even where literature data

exists, under similar conditions provides a common and controlled base

from which the comparisons and final selections can be made. In addition

to these factors it was desired to establish the high temperature aging cha r-

acter is t ics  of certain combinations , again requir ing exper imental

determinations.

The following sections summarize the material selection for each

material type and the results of the paper_fluid aging evaluation. The final

section provides recommendations for various material combinations includ-

ing the energy storage density and electrical loss characteristics.

2.2 DIELECTRIC FILMS

As stated previously, the prima ry objective of this prog ram is to

develop a high ene rgy density capacitor capable of operating in high PRFs
and severe duty cycles. In this regard , the dielectric film will play a major

role. The achievement of these goals will be primarily dete rmined by the

properties of the dielectric films used.

The s igni f icant  propert ies  of a film which will  de termine its

behavior in the devic e include:

• Critical field s t rength

• Dielectric constant

• Density

• Dielectric loss

• Temperature limits

• Chemical reactivity

The f i rs t  three propert ies  establish the energy  s torage densi ty  (D E) ,  as

given by the relationship
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where ‘ is the complex pe mi t t i v ity ,  E the c r i t i ca l  f ie ld  s t r eng th , and p

is the dens i ty .  From this re la t ionship  it is obviou s that the maximum energy

storage density is achieved by mater ia ls  having high d ie lec t r ic  constants

(permit t iv i t ies) ,  la rg e cr i t ical  fie ld s t r e n g t h s  and low densi t ies .  With these

as the only requirements  the solution to the problem would be re la t ively

simple — tabulate the film propert ies , calculate the ene rgy  sto rage  dens i ty ,

and the fi lm having the highest  value is the p r e f e r r e d  material .

The problem of selection becomes more complicated when the final

three properties are introduced. Consider  the electr ical  loss , represented

by the dissipation factor , sho . in Figure 1 for several materials. Loss is

important in two aspects . it ea rs  as heat which , if not diss ipated ,

results in tempera ture  increa; s which , if unchecked , will resul t  in catastrophic

fai lure .  Even when controlled , t empera tu re  inc reases  general ly lower the

energy storage capacity . This resul ts  because increased tempera tures
-
• produce lower dielectr ic  constants  ( in  almost all cases) ,  and lower cr i t ical

field strengths . With respect to energy  densi ty ,  the lower  the operat ing

temperatu re , the higher is the densi ty . Losses , if appreciable , could

require active cooling within the device or pose limitations on PRF an d / o r

duty cycle. Active cooling might ac tuall y reduce the energy storage density

since such additions do not contribute to energy  storage , but do increase  the

weight.
The second area of concern  for electr ic  loss is the ove rall e f f i c iency

of the system. The energy requirements  for the device , including the

losses , must be supplied by an external source. As the losses increase ,

there is a corresponding increase on the external  power requirements ,

resulting in lower overall eff iciency .

For the films the electrical loss at 300 Hz and 50 kHz was included

with the energy density in making the final selection. In the absence of a

clear relationship between the energ y density and loss , selection was , in

part , a matter of judgment.
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Figure 1. Dissipation factor  versus  temperature  of various
films at iO~ cycles.
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Chemical reactivity and temperature  limits are also cr i ter ia  used in
the selection processes.  The upper temperature limit for films in th i s
selection was placed at 1 50°C. To be a final candidate, the film must
(a) be capable of operating at this temperature while maintaining its designed
ene rgy storag e, (b) not experienc e excessive electrical loss and (c) be com-
patible with the other materials of construct ions.  Compatibility here re fers
to the absence of chemical reactions which could adversely affect the operat-
ing characteristics of the device.

Seven candidate fi lms were  compared applying these general  require-
ments. These were:

• Polycarbonate

• Pol y(eth y lene terep hthalate)

• Polyimide

• Polypropy lene

• Polysulfone

• Polyviny lfluoride

• Polyvinylidene fluoride

The properties of these materials used in these evaluations are presented in
Tables 1 through 4.

Based on properties of these seven fi lms and the requirements  of the
capacitors to be constructed f rom them, three  of the fi lms were selected as
candidates for  device fabrication — ( 1)  pol yviny lidene f luoride , (2) pol y imide ,

V and (3) polysul fone .

When compared in terms of energy storage density the polyimide
and the polysulfone rank the highest  having potential energy storag e densi t ies
of 1.08 and 0 .96  jou les/gram.  The energy  storage capacity for  each of the
candidates is given in Table 5. It should be noted that these value s are

maximum values based on energy storage at the crit ical  field s t rength  of
V films , at nominal thicknesses of 0. 5 to 1 m u .

In terms of electrical  loss at hi gh f requency,  the polyvin ylidene
fluoride exhibits a la rger  change with temperature  than any of the other f i lms.
At 10~ Hz , the room temperature dissi pation factor  is 12%, but this  value
falls  to about 2% at 80°C. Properl y exp loited in desi gn , this  proper ty  can be

7
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TABLE 2. DISSIPATION FACTORS AS A FUNCTION OF
FREQ UENCY FOR FOUR CANDIDATE FILMS

AT 25° AND 150°C

Diss ipat ion Fac tor

2 5 °C 150°C

Film 100 Hz 1000 Hz 100 kHz 100 Hz 1000 Hz 100 kHz

Polyvinylidene 0.01 0.01 0.1 >0.2’S 0.l~ 0.03
fluoride

Poly imide 0 .0025  0 .003 0 .008 0.002 0 .00 15 0 .002

Polysulfone 0.0008 0 .00 1 0 . 0 0 2 5  0 .002  NA NA

Polyester 0.003 0.006 0.016 0.0075 0.008 0.016

* - ext rapolated values

NA - data not available

TABLE 3. DIELECTRIC CONSTANTS AS A FUNCTION OF
FREQUENCY FOR FOUR CANDIDATE FILMS

AT 25° AND 150 °C

Dielectr ic  Constant

25°C 150°C

Film 100 Hz 1000 Hz 100 kHz 100 Hz 1000 Hz 100 kHz

Polyviny ludene 11 10.5 9.5 12.5 11 10
flu o ride

Polyimide 3.5 3.5 3.5 3.0 3.0 3.0

Polysulfone 3.1 3.1 3.0 2.9 NA NA

Polyester 3.4 3.4 3.3 NA 3.8 3.7

NA - data not available
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TABLE 5. MAXIMUM ENERGY STORAGE DENSITIES
OF DIELECTRIC FILMS

Energy  Storag e Density,
Film Maximum (joules/grn )

Polyvinyl idene f luoride 0. 84

Polyimide 1 . 08

Polysulfone 0.96

a built-in temperature limiter. The effect  would prevent thermal runaway in

a component where the majori ty of the dissipation occurred in the film.

The chemical reactivity with the other likely materials of construc-

tion does not pose any problems with the possible exc eption of the sulfone
and the PCB fluid. This combination has not been evaluated however ,

based on the solubulity cha racter is t ics  of the sulfone in chlorinated hydro-

carbons it is probable that this combination would not be compatible. The
chemical compatibilities of the three films and the candidate fluids is given

in Table 6. These determinations were made at 125CC.

TABLE 6. CHEMICAL COMPATIBILITIES OF CANDIDATE
DIELECTRIC FILMS AND FLUIDS

Film

Polyviny lidene
Fluid Polyimide Poly sulfone Fluoride

DOP C C *

Mineral C C C
Oil - 

V

PCB C * *
Silicone C C C
Oil

Not evaluated

11
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The three films selected exhibit the best overall combination of

propert ies  — energy  s torage densi ty ,  e lectr ical  loss and chemical  com-

patibility — of the seven initial candidates.  Each of the o thers  demons t ra ted

at least one major limitation which would limi t its use in this  app l icat ion.

2. 3 FOILS

The foils in a high energy  s torage capacitor also play a role in the

f inal  energy storage dens i ty  of the device .  Fou r basic r e q u i r e m e n t s exist

for  a foil:

• Low resistivity

• Low density

• Low chemical reactivity

• Capabil i ty  of being electr ical ly j oined

The first two requirements , low resistivity and low density, are

needed to attain high energy storag e density while the latter two are neces-

sary  for  per formanc e and rel iabi l i ty  wi th in  the device.

The requi rements  for  a low res i s t iv i ty  and a low densi ty  a re  evident

if these terms are  combined to def ine  the conductance per uni t  mass (k) ,

using the following formula:

1

~ e~ m

where  is the densi ty  and 
~e the r e s i s t i v i ty . For the capaci tor  foil , the

highest  possible valu e of k is des i red .

Fou r foils were  cons idered  fo r  use

• Aluminum

• Copper

• Nickel

• Tin

Their  proper t ies  are  summarized  in Table 7.

12
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TABLE 7. PROPE RTIES OF CANDIDATE CAPACITORS FOILS

Volume
Resis t ivi ty  Density at 200C

Foil Metal (ohm_ cm x 10 6) (g/cm 3)

Al 2.8 at 20 °C 2 .70
3.9 at 100°C

Cu l .8at 20°C 8.89
3.0 at 200°C

Ni 6 . 8 a t 20°C 8.90
10.3 at 100°C

Sn 11.5 at 20 °C 7 3 0
20 .3  at 200 °C

After  reviewing their  p roper t ies , aluminum was selected as the

preferred foil material. Aluminum has the lowest mass resistance, it is
chemically nonreact ive with the other candidate materials (PC B being a

possible exception),  and can be either welded or mechanically joined to pro-
vide joints of low electrical res is tance .

Copper , while having the lowest res is t iv i ty  because of its relatively
high densi ty ,  has a high mass. Of the fou r metals , Cu is probabl y the easiest

to electrically join and y ields the lowest joint  res is tance.  Nickel and tin
were  rejected because of their  high res is t iv i t ies  and densi t ies  and because

of their potential chemical reactivi t ies.  In addition , Sn salts , if formed ,

can induce pol ymerizat ion of silicone fluids or may aid in saponification of
esters such as diocty lphthalate if moisture is present .

2 . 4  DIELECTRIC PAPERS AND FLUIDS

The discussion of the evaluation of papers and fluids is combined

because in fact the two materials funct ion together  uni quely within the
capacitor.  Even though the proper t ies  of a fluid—impregnated paper are

unique , these propert ies  are  dependent on the individual propert ies  of the

paper and the -fluid. Because of this dependenc e the propert ies  of the papers

13
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and the f lu ids  were  s tudied separa te l y as well  as in combinations. It should

be noted that these  p rope r ty  s tud ies  w e r e  l imi t ed  to i n v e s t i g a t i o n s  of e l e c t r ic
loss and capaci tance as a function of f r eq u e n c y  and t e m p e r a t u r e s .  No c r i t i -
cal field s t r eng th  or e lec t r ica l  breakdown determinations were performed in
these evaluat ions .

The fol lowing sec t ions  summar i ze  the p r e l i m i n a r y  s e l e c t i o n  phases

and experimental  s tudies for  the papers and f lu ids  as pe r fo rmed  sepa ra t e l y
and for  var ious  combinat ions.  Also  included are those r e su l t s  of t h e rma l

aging tes ts  conducted with selected combinat ions .

Befo re  d i scuss ing  the exper imenta l  resu l t s , a review of the g e n e r a l

requirement s is in o rder .  Like the f i lms , the papers and f lu id s  s e rve  a

major role in the ene rgy s torage of the capacitor .  The major  func t i on  of the

paper-fluid combination is to eliminate gaseous regions between the films.

Fur the rmore, because of their properties , the combination also plays an

active role as a dielectr ic . The p roper t i e s  of the p a p e r - f l u i d  combinat ions

can affect  the voltage d is t r ibut ion  within the capaci tor  and hence  the e n e rgy

density of the device. Because it is a c h a r g e - s t o r i n g  media wi th  re lated

electr ical  losses , it can also c ont r ibute  to heat ing wi th in  the dev ice .  Because

the paper-f luid  is an active d ie lec t r ic  wi th in  the device , the combina t ion  has

requirements essentially the same as those of the f i lms .

Dielectric Papers

A pr imary  funct ion of the paper in a capaci tor  is to p r o v i d e  pos i t ive

separation between the f i lm and foil .  It is also used be tween mul t ip le f i lm

layers as a separa tor .  Thi s separa t ion  combined with  the i r r e g u l a r  na tu re

of paper aids in the elimination of t rapped gases when the combinat ion  is

properly impregnated with a d ie lec t r ic  f luid.  Since it is to f u n c t i o n  as an

active dielectric , cer ta in propert ies  of the paper  become impor tan t  in

defining its behavior.  These include:

• True (fib e r) density

• Dielectric constant

• Electrical loss charac ter i s t ics

14
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• Thermal stability

• Fluid compatibility

• Thickness

The general  discussions given for similar propert ies  of films can

also be applied here to the papers.  Thickness is included as a property of

the paper because of the thickness limit frequentl y encountered in papers.

The general  goal is to have the thinnest paper possible while not sacr i f ic ing

handling and manufacturing requirements.  Thin paper having the appropriate

dielectric properties will result in the maximum energy storag e density .

In this evaluation of papers , seven materials were initially

considered:

• Kraft  paper (capacitor g rade)

• Pure alpha-cellulose

• Lens t issue

• Ashless filter paper

• Polyester paper

• Aromatic polyamide

• Microporous polypropy lene

The f i rs t  fou r papers are all cellulose materials.  The basic difference lies

in the types of fiber binder materials and fillers whic h can affect the basic

properties.  The final three are synthetic papers , so-called because the

basic films are man-made.

An initial review of the propert ies of the seven materials suggested

fou r materials for  further  consideration and experimentation. These were:

• Kraf t  paper

• Lens tissue

• Aromatic polyamide

• Polyester

Of the three synthetics , the pol ypropy lene was eliminated because of

its temperature limitations. Thi s paper has a melting point of 140-145°C

which is below the 150 °C design requirement. The two synthetics selected

have operating tempe ratures in excess of 1750C . Both appear to be corn-

patible with the candidate fluids.
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Selection of two cellulosic papers permitted the invest igat ion of the

effects of binde r type on the charac ter is t ics of this class of papers. The

kraf t  pape r was chosen as being representa t ive  of a high ash content material .

The lens tissue has an especially low ash content.  The ash contents were

3. 1 and 0. 6%, respectively. It should be noted that the lens t i ssue did not

have the lowest ash content , the ashl.ess filte r paper , Whatman ’ s No. 44 ,

being the lowest at 0. 02 percent .  Howeve r , the lens t issue was available

in a form in which test devices could be made , whereas the fi l ter paper was

not. In addition , if the tests  with the lens t issue were successfu l , it would

be available in a 1 mil thickness as a standard item, while the ashless papers

were available onl y in 2 mu or g r e a t er  thicknesses.

Pape r Experiments

Two sets of experiments were  conducted on the four papers .  One set

involved a methanol extraction while the othe r was a character ization of the

dielectric constant  and dissipation factor  as a function of f requency.

The test device used in both evaluations consisted of a cy l indr ical

capacitor wound with the pape r being studied. The device was wound on a

Teflon core and used . aluminum foil electrodes with nickel attachment tabs.

The capacitance values for the test devices ranged from 1000 to 6000 pico-

farads .  Figure 2 shows a typical test device.

Figure 2. Typical test  device used
in paper and paper-f lu id  evaluations.
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The methanol ex t rac t ions  were  conducted to de te rmine  the e f fec t s

of the removal of polar , soluble ma te r i a l s  on the e lec t r ica l  loss p rope r t i e s

of the papers.  Such loss reduc t ions , if r e s u l t i n g ,  could be s i g n i f i c a n t  in the

per formance  of the capaci tor  by reducing t empera tu re  r ises  due to such

losses.
In these exper iments, the test devices were  f i r s t  dried for 72 hours

at 105°C . Next , the capacitance and loss was measured at room tempera-

ture  and 1 . 0 kHz . It should be noted that the devices were  maintained in a

desiccator until  measured to a s s u r e  the i r  d r y n e s s .  Af te r  measur ing ,  the

devices were placed in a Soxhiet extractor  containing spectrochemical g rade

methanol and extracted.  The number of extraction cycles and the cycling

rates varied for the d i f ferent  papers because d i f f e ren t  extracto rs were  used

for each paper.  The ext raction informat ion for each paper appears in

Table 8. After the extraction was complete , each device was vacuum

dried for  72 hours at 100°C and 0. 1 tor r .  The devices were then retested.

All of the devices showed a reduction in loss as a resul t  of extract ion.  In

no case was there a chang e in capacitance, hence , dielectr ic constant .

While these resul ts  suggest  extraction f o r  all papers , it should be

emphasized that these results  app ly onl y for  1.0 kHz values at room tem-

perature. It has been stated that such extract ions  can remove all of the

lignin from the kraft  paper result ing in increased losses at elevated tern-

peratures and higher  f requenc ies .  This charac ter i s t ic  was not ver i f ied  in

these experiments.  If such were the case , it is also possible that the

extractables noted with the polyes ter  and to a lesser  degree with the

aromatic arnide , could behave similarly. Again these possibi l i t ies  were

not studied in this evaluation.
Until such studies are undertaken, it is felt that extraction should

not be introduced into the capacitor process.

The final  paper experiments dealt with character iz ing the die lectr ic

constants and dissipation factors as a function of f requency .  The purpose

here  was to develop data which could be used in designing devices and inte r-

preting their performance.

17
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TABLE 8. EFFECTS OF METHANOL EXTRACTION ON THE
CAPACITANCE AND DISSIPATION OF CAPACITOR PAPERS

Change in
Device Capacitance Dissipation Factor Diss ipation

Capacitor Seria l at I kHz and at I kHz and R~. T., Factor Due to
Paper Number Conditioning R.T. (pF) x Conditioning( 11 %

K r af t  I Vacu um dried at 105 °C 6 1 93 38
1.0 mit 2 for 72 hours 5863 35

3 5757 36
4 5891 36

14 5857 42

I Methanol extrAct ion;(2) 6334 30 -21
2 vacuum driedt ‘ 6034 31 -11
3 59 10 30 - 1 7
4 6159 31 .14

14 3 1 -26

K raft 1 Vacuum dried at 105°C 4997 36
0 .5  mu 2 for 72 hours 5105 35

3 5023 36
14 4917 39

I See notes (2) and (3) 5188 26 -28
2 533 5 28 -20
3 5140 28 -19

14 5484 30 -23

1 Vacuum dried at 105°C 1968 22
Lense 2 for 72 hours 1957 22
T issue
1.0 mU 1 Methanol ext r~ çtion; (4) 2100 17 - Z 3

2 vacuum dried( 2014 Il -23

I Vacuum dried at 105 °C 22 1 4 20

Polyester 2 for 72 hours 2151 19

1. 0 mit 1 Methanol extracted; (4) 2277 14 -30
Z vacuum dried(3)

I Vacuum dried at 105 °C 1069 31
2 for 72 hours 1083 32
3 1081 34
4 1070 32

Nomex
1 See notes (5) and (3) 1127 27 - 13
2 1143 30 -6
3 11 28 30 -1 3
4 1126 30 -6

= 
OF (after extract )  - OF (before extract) 

~ooDY (before extract) X

(2 ) 240 ext raction cycles of 1/2 hours per cycle.

hours at l00 °~ and 0. 1 Torr.

extract ion cycles at 2-1/ 2  hours per cycle.

~~~19Z extraction cycles at 1/2 hours per cycle.
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The test devices used were capacitors like those described in the
extraction experiment.  In these de terminat ions , the devices were  f i r s t
dried at 105°C for 24 hours .  The devices were  then re turned  to room tem-
perature , in a desiccator, and the capacitance and diss ipat ion factors
measured.  Measurements were made at 100 , 1.0 kHz , 10.0 kHz and
100 kHz.

The dielectric constants  and dissi pation factors observed in these
tests are given in Table 9. No significant change in dielectric constant is
noted for any of the papers over the f requency  range tested , while all showed
an increase  in the dissipation factor .  It should be noted that the lens t i ssue
has a lower dissipation factor over the f requency  rang e than does the k ra f t
paper. Since the kraf t  was unextracted , hence containing liquid , and the
lens t issue is essentially liquid f r ee , these results do not support  the
postulated advantage previously stated for  kraf t  paper.  Fur the r  studies ,
however , are required to defini tel y establish the l ignin effect.  It should be

noted that none of the papers used in these evaluations were extracted.

TABLE 9. DIELECTRIC CONSTANT AND DISSIPATION FACTORS AS
A FUNCTION OF FREQUENCY FOR CANDI DATE PAPERS —

MEASURED AT 23°C

Evaluation F requency

100 1-li 1.0 kllz 10.0 kIlz 100 tcllz

Dielectric Dissipation Dielectric Dissipation Dielectr :c Dissipation Dielectric Dissipat on
Paper Constant Factor Constant Factor Constant Factor Constant Factor

Kraft 5648 0.0034 5616 0.0042 5580 0.0054 5543 0 .0110
(I mi ll

Lense l8~ 2 0.0016 1887 OVO O I Q  1881 0 0026 1873 0 0052
Tissue
(I mil l

Nomex 1116 0.0024 111 2  0.0032 1106 0.0036 1100 O.004
(3 mit,)

Polyester 2223 0.0008 2210 0.0020 221 1 0.0040 21Q4 0 0073
(1 mit)
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Of the four papers , the kraf t  paper has the highest appa rent  d ie lectr ic

constant and the polyester  the lowest.
Kraf t  paper has the highest dissipation factor  with the lens t i s sue  and

the polyeste r the lowest. The dissipat ion facto r for  the a romatic pol yarnide

is least affected by frequency over the test range.

The results of these f requency  studies combined with other property

data indicate that each of these papers is potentiall y suitable for  use as a

capacitor dielectr ic.  The determination, however , will be based on the

propert ies result ing when fluid impregnated and their  compatibility with

those fluids.

Dielectric Fluids

The dielectric fluid , like the pape r , is an active element in the

capacitor. The fluid functions together with the pape r to achieve a ga s- fr ee

condition between films and foil l ayers .  Property considerat ions for  fluids

used include:

• Low density

• High dielectric constant

• Low electr ical  loss

• Thermal stability

• High specific heat

• Low surface tension

Since the fluid will contribute to the energy s torage densi ty , it is

desirable to optimize those proper t ies  contr ibut ing to energy s torage;  i. e.

the dielectr ic  constant and the densi ty .  In addition , it is necessary  to have

a high critical field s t rength , although for  most dielectr ic  f lu ids  the values

under  comparable conditions are  nearly equivalent . Of the materials  of con-

struction , the electrical losses of the fluids are potentially the hi ghest and

certainly the most dependent on process ing  and condi t ioning . As with the

other material s of construct ion, the fluids must be chemically compatible

with these other materials and must  remain thermally stable u n d e r  the con-

ditions of operation.  For the fluids , pa r t icular  at tention must be given to

reactions or conditions which could lead to gas format ion.  Gassing would be

20
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catastrophic to the device.  Since the fluid is p resen t  as a major  mass in

the device , a high specific heat could lower  the tempera ture  rise associated
with in termi t tent  ope rat ion.  Finally,  the lower the sur face  tension , the
better  the wett ing and degree  of impreg nation.

With these proper ty  cons idera t ions  as the guide , ten die lect r ic
fluids were  selected for  initial cons idera t ion .

• Polychiorinated biphenyl (Inerteen 100-42)

• Alkylated benzene (Chevron D. 0 100)

• Fluorinated polyether (Freon E-5)

• Polyisobutylene (Chevron 32E)

• Minera l  oil , capacitor g rade

• Polypheny l ether (OS- 124)

• Alk yl phenyl siloxane (SF_ 1050)

• Castor oil

• Diocty lphthalate

• Pol y(dimethy lsiloxane) [DC200I

The proper t ies  of these fluids are given in Table 10. Af ter
reviewing the proper t ies  of these materials, four  were  selected for  evalua-
tion with the papers.  These were:

• Mineral oil (capacitor grade)

• Diocty l phthalate

• Polychlorinated biphenyl

• Silicone fluid (SF- 1050)

Mineral  oil was selected because of its long record of successfu l use

in high voltage capacitors.  This fluid in the absence of oxygen or oxidizing

agents is among the more iner t  and thermally stable materials.  Diocty l=
phthalate (DO P) was selected for its potentially high energy densi ty storage
properties.  DOP combines a relatively high (by comparison) dielectr ic con-

stant and a low density . In the absenc e of reactive metals and moisture DOP
is a high stable compound. One concern with DOP was eLectr ica l  loss

character is t ics .  Any material synthesized f rom an organic  acid has the

possibility of having high electrical loss. The polychlorinated b ipheny l

21 
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(PCB), sometimes referred to as an askarel, wa s chosen because of its high

dielectric constant .  Unlike DOP, the energy  storag e density for  PCB is not

expected to be high because the high dielectr ic  constant is combined with high

densi ty.  Although the energy density may be low , the high dielectr ic  con-

stant of the fluid could contr ibute the h g h capacity sought for  the paper-

fluid combination. The limitation on the PCB is its regulation as an

environmentally controlled material .  There was also some concern regard-

ing a possible reaction with aluminum. The latter was studied experimental ly

and will be described in a following section.

The final  fluid chosen was a pure si l icone compound. This

material was selected for its chemical iner tness  and hi gh thermal s’abilit y.

The silicones , having very low surface tensions , should be excellent irnpreg-

nants , as has been previously demonstrated. It was postulated that if any

problems were encountered with mineral  oil , the silicone could be an adequate

substitute.

Reasons for  nonselecti on of other materials included cost (f luorinated

esters and polyphenyl either) , marginal  chemical and th e rmal stability

(castor oil) , and equivalent propert ies  to a selected material (si l icone oil

and alkylated benzene) .

The fou r f luids  selected for  evaluation with the papers  were  believed

to be capable of providing a representa t ive  summary of the proper t ies  to be

expected from such combinations.

Fluid Experiments

Three  experiments were  conducted with the selected fluids.  These

included:

• PCB — aluminum foil compatibi l i ty tests

• Studies of purif icat ion methods

• Characterizat ion of die lectr ic  constants and dissi pation factors
as a function of f r equency.
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Following are summaries of these experiments:

PCB — Aluminum Foil Compatibil i ty.  These experiments were

undertaken to examine the possibi l i ty  for  this combination of materials to

result  in a Fr iedel -Kr af t s reaction.

This reaction is initiated by the formation of A id 3 which then could

serve as the catal yst  for a deh ydrohalogenat ion reaction. Such a series of

reactions , if they occurred , would completely degrade the fluid and resul t  in

failure of the device.  Thu s, before  fur the r studies were  made with the PCB ,

this potential react ivi ty had to be charac ter ized .

F r i ede l-Kra f t s  reactions are  reaction-catalyzed by Lewis acids and

AlCl 3 is one of the most active catal ys ts  of this type. Its e ffec t iveness  is

attributed to its ve ry strong affini ty  for a pair  of electrons;  thu s, in a fluid

such as PCB , it would complex with halogen atoms of the fluid molecule and

thu s induce cleavage. This may be il lustrated as follows:

Cl Cl Cl Cl

Aid 3 + C l —4
~D-<D.-Cl — A1C1

4 
+ ® O-O—ci

The degraded fluid could then interact with othe r f luid molecules to y ield

higher molecular weight products , eliminate a proton , or in the p resence

of moisture couple with the hydroxy l ion and genera te  a proton which ulti-

mately would end up as corrosive h y drogen chloride.

To determine the reactivit y of the PCB and Al the following tes ts

were  conducted. In these tests  Al foil was exposed to the PCB (Wes t inghouse
0 0 oIner teen  100-42) at 23 , 52 and 100 C. In one set of condt tion s  the fot l

was formed into cy lindrical electrodes which were positioned concentr ical ly,
immersed in the PCB and electr i f ied with a dc potential at the test tempera-

ture.  In this tes t , the electrode spacing was normally 0. 2 inches and the

app lied voltage was 1000 Vdc . The purpose of this experiment was to

identify electrical  effects  as an ini t iator  or accelera tor  for  chemical reac-

tions between the foil and the PCB and if occurr ing cha rac te r i ze  the electrode

polari ty behavior . In the other condition evaluated , a sample of Al  foil  was
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simpl y immersed in the PCB and heated.  The test samples are shown in

Figure  3. In both conditions the foil weights were  recorded at the beg in-

ning and end of the exposure periods.  In addit ion the appearance was noted

for both foils and the f luid.  The dc volume res i s t iv i ty  of the f lu id  was

measured at the beginning and end of the test period and the dc leakage cur-

rents were  monitored throughout  the exposure periods for  the e lec t r i f ied

samples. It shou i~i be noted that the PCB was used as received in these

tests.

b. UNELECTRIFIED
SAMPLE

a. ELECTRIFIED
TEST SAMPLE

Figure 3. Test samples used in PCB-Al foil reaction tests .

The results of the 192 hour  exposure at 23°C , 532 hours exposure at

52 °C, and 355 hours at 100 0C are given in Table 11. No detectable weight

changes were  noted in either the electr i f ied or unelectr i f ied foils at the low

temperature exposures. After  the 100 °C exposure all of the foils showed a

slig ht increase in weight (less than 0. 1 percent) but with no chang e in

appearance. Throughout the tests the fluid remained unchanged in appearance

and viscosity with no evidence of turbidity, precipitation or separat ion.  It

should be noted that these experiments were run serially using the same
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foils and fluids. The slight increase in volume resistivity noted for the PCB
is probably the result of elect rophoretic and electrolytic removal of trace
ionic contaminants. Such processes could account for the reduced conduc-

tance noted during each exposure.

The results of these tests indicate that the PCB , West inghouse
Inerteen 100-42 , would be non-react ive with a pure (99. 5%) Al foil for
limited exposures at temperatures in excess of 100 °C.

However , this non-react ivi ty may in part be due to the presence of
a monofunctional epoxide compound which is present  in the fluid and which
if destroyed or consumed could g reatly alter the observed reactivity . For
the Fr iedel -Kraf ts reaction to occur A1C13 must be present . In the Al-PC B
system, Aid 3 must be present.  In the A1-PC B system, AICI 3 would resul t
from the formation of HCL which could be generated by dehalogenation of
the PCB and the subsequent reaction with moisture.  With the epoxide

present both the moisture content and HC1 are  greatl y reduced or eliminated.
Epoxides are hl ge t ters u for both H20 and HCI

H O  ,OH ,OH

R — C — C  
2 R — C — C

N~~~ HCL -

,OH

R — C — C — C L

Thu s, it becomes apparent that condit ions which could deplete or el iminate

the epoxide compounds could lead to the destruct ive Fr iede l-Kra f t s reaction
between the Al foil and the PCB.

Purification. The purity of the dielectr ic  f luids  will de termine  to a
signif icant  extent thei r  electrical loss proper t ies .  The losses in a d ie lec t r i c

are derived f rom several  sources .  Among these are  ~on izable materials
and moisture.  Thei r  concentrat ion will in part  de termine  the conductance
of the fluid with the i r  elimination resul t ing in lower electr ical  losses.

Following is a summa ry of the pur i f i ca t ion  methods employed on th ree  of
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the selected fluids. It should be noted that the PCB in all evaluations was
used either “as-received~ or af ter  f i l te r ing it through a 5 micron TFE
filter.  Purif icat ion methods were not used because of concern for removing
or altering the epoxide compound.

The three  fluids purified were

• Diocty l phtahlate

• Mineral  oil (capacitor grade)

• Alkylary l silicone fluid (GE SF_ 1050)

Two grades of DOP were compared in the purif icat ion stud y, a
purified material f rom Eastma n Chemical and a plast icizer  grade  from
Sargeant-Weich.  It should be noted that the two grades were compared
because of cost differences with the purified material costing approximatel y

V 

20 times more than the plast icizer .
In these evaluations the effects of purification were  determined by

measuring the dc resist ivit ies and the  diss ipat ion fac tors .  Both measure-
ments were made using a Balsbaug h G-350 t est  cell. The dc measure-
ments were made at 500 Vd c, while the ac measurements were made at
100 , 1.0 K, 10. 0 K and 100 kHz and a voltage of 10 Vdc. All measure-
ments were  made at 23°C.

The DOP purifi cations were undertaken using anh ydrous , neutra l
alumina (Al 203 ). The f i r s t  experiments were performed us ing the pur i f ied
compound to establish the e f fec t iveness  of A 1203 as a pur i f ica t ion  media.
In these evaluations, two columns were prepared using 140 mesh A 1203. V

One column was approximatel y 100 gram s of A1203. The other was approxi-
mately 4 inches hi gh and 2- 1/2  inches in diameter and contained 200 gram s
of Al 203.

For the long column approximately 300 milliliters were  purified and
for the short column, 800 mil l i l i ters .  The results of these purif icat ions are

28
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given in Table 12. The results show both columns to be of comparable

effect iveness  as pur i f i e r s  for the flOP. Both result  in approximatel y

50 times increase in the volume r e s i s t i v i t y  putting this material  in range

TABLE 12. A COMPARISON OF COLUMN LENGTH ON THE
PURIFICATION OF DOP (PURIFIED GRA DE)

WITH Al 203 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Dissipat ion Factor
Column Length and Volume Frequency
(Amount of A1203) Res i s t iv i ty  1.0 kHz 100 kHz

None 7 . 4  x 10 10 0.004 0.0001
(As received)

18 inches 4 . 9  x 10 12 0. 0005 0 .0003
(100 grams)

2 inches 5.0 x io
l2  

<0.00005 0.0004
(100 grams)

where it could function as a reasonable dielectric.  With this improvement

observed after one pass the question was raised concerning the effects of a

multiple pass through the column. This was tried using a new long column

and fluid from the initial long column run. The results , given in Table 13 ,

show some fur ther  increase in volume res is t iv i ty  (approximately 2 time s

higher than single run) but a signif icant  d i f fe rence  in dissipation factor.  A

third pass through the long column resulted in no fu rther chang e in the

electrical loss properties when compared with two passes.
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TABLE I ~~. EFFECTS OF MULTIPLE PASSES THROUGH AN
A1203 COLUMN OF THE PURITY OF flOP

Volume Dissipation Factor
Number of Passes Res t s t iv t ty

Through Long Column at 500 Vdc 1 kHz 100 kHz

None (As received) 7.4 x 10 10 0.004 0.0001

I 4 . 9 x  10 12 0.0005 0 .0003

2 5 . 2  x 10 12 0. 0005 0. 0003

3 5.0 x io lZ  0 .0006 0.0004

Although the DOP used in these  evaluations was colorless in —

appearance the columns after the ini t ial  pass both contained a light brown
color at the top and turned a light yellow throughout the lower lengths. The
multiple pass columns were both light yellow after  processing . The extracted
materials were not analyzed so the i r  contr ibution to the losses cannot be
assessed.

Having demonstrated that the electrical  losses of DOP could be
lowered by A1203 purification, the purification of the plast ic izer  g rade
material was undertaken. Because of the increased fl ow rate the short
column was used. As with the pu rified grade , approximately 800 milliliters
was purified using 200 g rams of A12O3.

The results of the plasticizer grade flOP purification, given in

Table 14, show this material to have electrical loss properties compara-
ble to the purified grade after  both have been A12O3 treated.
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TABLE 14. PURIFICATION OF PLASTICIZER GRADE flOP
USING A1203

Dissipation Factor
Frequency

Volume Resist ivi ty
Conditioning at 500 Vdc (ohm-cm) 1.0 kHz 100 kHz

None 1.7 x io 1l 0.002 0 .0006

Single pass x io 12 <0.00002 0. 0005
through
A1

203

The capacitor grade mineral oil was processed using the standard

hot evacuation process.  In this method the oil is f i rs t  evacuated to approxi-

mately 0 .2  Torr  and then heated to 105 °C - 110 °C. The basic effect  of this

process is to remove moisture and dissolved air .  The moisture  is signifi-

cant with respect to losses while the dissolved air has a s ignif icant  effect

on the critical field s t rength.  The latter was not , however , relevant to

these tests.
In this evaluation 500 milli l i ters of oil was placed in a 1 l i te r  beaker

and evacuated to 0 .2  Torr .  Next , the oil was heated ~~1. .ile s t i r r i ng  to 105 °C.

The oil was maintained under these conditions fo r  8 hours , then cooled

under vacuum. The chamber was filled with dry ni t rogen and the oil trans-

fe r red  to a clean , dry,  glass bottle. Measurement s made on this oil were

those previously described for DOP.

The results of this process ing  are  given in Table 15. Note that

the volume resist ivity increased approximately 20 t imes. It is important

to note that in this case the electrical propert ies  of the “as received” oil

were very good . When a low loss fluid is initially available the hot evacua-

tion provides adequate purif icat ion . If , however , the s tar t ing mater ial
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were of a tow or even unacceptable quality, e. g., a volume resistivity of

io 12 
- ~~13 ohm-centimeters , then , a hot clay t rea tment  fol lowed b y hot

evacuat ion  would be required .

S F -l 0 5 0 , an alk ylary l s i l icone f luid , was the fina l mater ia l  pur i f i ed .

It should be noted that the mater ial  used in this evaluation was of marg inal

qual i ty .  Three pur i f ica t ion  method s were used with this s i l icone:

• recirculating through a c lay filter

• percola ting throug h a clay column

• percolat ing throug h an A 1 2 03 column

In the f i r s t  method , approximate ly one gallon of fluid was recircu-

lated through one pound of attapul gas clay for  6 hours  at room temperature .

This process broug ht the volume r e s i s t i v i t y  to the min imum acceptable

leve l, 1 X 10 15 ohm-cent imeter.

Next , a sample of the clay was baked at approximatel y 300 °C over-

ni ght. The c lay was then introduced into a 24- inch column one inch in

diameter. A 600 mill i l i ter  sample was then passed through the column.

The result ing volume re s i s t i v i ty  for thi s t rea tment  was sli ghtl y higher

(2 X 10 ohm-cent imeters )  tha n that achieved using the rec i rcu la t ing

method.
In the final method a 24 inch column was packed with app r oximately

150 grams of anhydrou s, neut ra l  A 1 2 03 and 500 mi l li l i t e r s  of f luid we re

percolated through the column at room tempera ture.  This method resul ted

in the largest increase in resistivity,  producing a volume res is t iv i ty  of

4 ~ io~~ ohm-centimeters .

The results  of the silicone pur if ica t ions  are given in Table 15.

It is of interest  to note that whi le each pur i f i ca t ion  method produced measur-

eable changes in the volume res is t iv i ty  of the s i l icone no s ignif icant  d i ffe r-

ences were noted in the diss ipat ion factors result ing f r o m  the d i ff e r en t

methods. All resulted in a comparable reduct ion in the ac loss. In all

cases , the dielectric constant remained unchanged by the processing.
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From the purification studies of the three fluids evaluated it is seen
that in each case an improvement in elec t r ica l  losses resu l t s .  These
resul ts  confirm the ear l ie r  statement regard ing  the sensi t ive  nature of
e lectr ical  losses within liquids and support the need for special handling
and processing.

Charac ter iza t ion .  Finally, in this stud y of the d i e l ec t r i c  f lu ids ,
their dielectric constants, dissipation factors and volume resisitivities

were characterized. The ac measurements were made at 10 volts and at
frequencies of 100 , 1.0k , 10. 0k and 100kHz . The volume res is t iv i t ies  

V

were determined at 500 Vdc. The Baisbaugh cell was used.

The samples were purified as follows: V

• DOP (p last ic izer  grade): percolated 800 milli l i ters through
200 gms of A 12 03 on a 4 inch X 2 1/2 inch diameter column at
room temperature.

• mineral  oil (capacitor grade):  evacuated to 0. 2 Torr  and heated
with s t i r r i ng  to 105 °C for 8 hours cooled to room temperature
under vacuum.

• PCB: fi l tered throu gh 5 micron TFE f i l te r

• silicone fluid:  percolated 600 mill i l i ters  of attapulgas clay
previously baked overnight at 300°C thr ough 24 inches x 1 inch
diameter column at room temperature.

The e lec t r ica l  properties for the four fluids processed as stated
are given in Table 15.

Paper-Fluid Combination s.

As previously indicated , four papers and four fluids have been
selected for evaluation. In previous sections the electrical  properties of
these eight materials have been presented. In this section the electr ical
properties of these mater ia ls  when in combination will be summarized.

Each of the fou r papers was impregnated with each of the four
f lu ids , yielding a total of 16 paper-fluid combinations. The test samp les
used in these evaluations , like the ori g ina l pape r studies , consisted of a
cy l indr ical  capacitor wound on a Teflon core and uti l izing Al foi l electrodes.
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The capacitor samples were contained in g lass tubes such as shown in

Figure 4. To prepare the test samples, the paper capacitors were f i r s t

baked at 105°C for 24 hours. Next , the fluids which had been processed

were introduced int o the tubes and the combination heated to 100 °C. While

hot , the samples were then evacuated at 0. 3 Torr  or less for 3 hours.

The chamber was then back fil led with n i t rogen , the sample tubes removed

and sealed wi th TFE tape.

Figure 4. Test sample used in paper-f lu id  e lec t r ica l
propert ies determinat ions .

Af ter  cooling to room temperature  the e lec t r ica l  properties were

measured.  Firs t , the dielectric constants  and diss i pation fac tors  were deter-

mined at 100 , 1. 0kHz , 10kHz , 10. 0kHz and 100 kHz . Next , the dc res is tance

was measured using a 90 volt potential .  Af te r  the dete rminations were

c ompleted the sample was heated to 150 °C and maintained at thi s tempe r-

ature for  one hour. Af te r  this time the ac and dc measurements  per formed
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at room temperature were repeated. At the complet io n of th ese t e s t s  t h e

samples were returned to room tempera ture  and inspected for  ev idence  of

degradation.

The resul ts  of the paper-oil  evaluations are presented  in  Tables
16 throug h 23. Of significance for  these evaluations are  d ie l ec t r i c
constants resul t ing for the various combinations and the ef fec ts  of f r equency

and temperature on the e lec t r ica l  losses.  It should be noted that the

die lec t r ic  constants for any of the c ombinations show neg li g ible f requency

dependence over the f requency range s tudied.  The maximum frequency
dependence was demonstrated by the PCB impregnated  combina t ions .  Of
the combinations studied , the kra f t  pape r - DOP and the k r a f t  pape r - PCB
produced the highest die lect r ic  constants whi le  pol y e s t e r - m i n e r a l  oil and
polyes ter -s i l icone yielded the lowest. At 150 °C certai n o f t h e co m bi nat io n s 

V

exhibit some variation in d ie lec t r i c  cons tants  whi le  others  r ema ined  unchan-
ged. An attempt to corre la te  these increases  with  e i t h e r  pape r or oil  type
show s a general dependency on one or the othe r for  p r e d i c t i n g  changes.
For example , kraf t  paper show s a reduct ion with PCB , an inc r ease wit h
mineral  oil , and is essential l y unchanged with the s i l icone .  All
mineral  oil combinations showed a sli g ht lowering of the d i e l e c t r i c  con-
stant , while the kraf t  paper si l icone combination showed a neg l ig ib le i ncrease

in dielectr ic  constant , and the lens t i ssue  and Nomex- s il i cone  combin-
ations y ielded a decrease.  Als o of s ignif icance , is the increased  capaci-
tance , i. e .,  d ie lectr ic  constant , at elevated temperature  noted for  certain
papers and the high loss fluid PCB. At the low frequencies, a large
increase in capacitance exists for these combinations. With the exception
of these large variations for the PCB combinations , none of the variat ions
exceeded 10 percent ove r the temperature range studied.

The lowest average electr ical  loss at room temperature  exists  with
the lens t issue and pol yester  paper in combination with the mine ral and
silicone oils. These four combination s are essentially equivalent.  At room
temperature each of the combination s show s an increase in loss for
increasing frequencies.  The approximate equivalent c i r cu i t  for these
combinations would be a ser ies  R - C  element , althou gh none of the com-
bination s specif ical ly conform to this equivalent .  At room tempera ture  the
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TABLE 16. ELECTR ICAL MEASUREMENTS OF DOP 
V

IMPREGNATED PAPERS AT 23°C

Capacitanc e Capacitanc e Dissi pation
Before Af te r  Factor

Frequency Impreg .  Impreg.  Impregnated
Paper (Hz ) (p f) (p f)  Paper

K raft 100. 0 5848 14870 0.010

1.0K 5813 14700 0.010

10.0K 5774 14460 0 .014

100.0K 5734 14250 0 .02 7

Lense 100. OK

Tissue 1.0K 1959

10. OK

100. OK 1944

Nomex 100 - -

1.0K 1031 3148 0. 029

10.0K 3112 0, 010

100. OK 1020 3077 0.009

Polyester 100.0 - - -

1.0K 6490 0.017

10.0K 6447 0.008

100. OK 6392 0.020
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TABLE 17. ELECTRICAL MEASUREMENTS OF DOP IMPREGNATED
PAPERS MEASURED AT 150°C

Capacitanc e Capacitance Dis sipation
Before Af ter  Facto r

Frequency Impreg.  Impreg . Impregnated
Paper (Hz)  (p f) (p f)  Paper

Kraft  100. OK 10440 0.041

1. 0K

10. OK

100. OK

Lense 100. OK

Tissue 1.0K

10.0K

100. OK

Nomex 100. OK

1.0K 8690 0. 98

10. OK

100. OK

Polyester 100. OK

1.0K

10.0K

100. OK
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TABLE 18. ELECTRICAL MEASUREMENTS OF MINERA L OIL 
V

IMPREGNATED PAPERS MEASURED AT 23°C

Capacitance Capacitance Dis sipation
Before After  Factor

Frequency Impreg . Impreg. Impregnated
Paper (Hz ) (p f) (p f) Paper

Kraft 100.0 5648 9180 0.0056

1.0K 5618 9104 0.0059

10.0K 5580 9024 0.0077

100.0K 5543 8958 0.0178

Lense 100.0 1892 3698 0.0017

Tissue 1.0K 1887 3688 0.0021

10.0K 1881 3676 
- 

0.0031

100.0K 1873 3660 0 .0092

Nomex 100.0 1097 1930 0.0030

1.0K 1093 1920 0.0043

10.0K 1088 1909 0.0079

100. OK 1082 1894 0.004 1

Polyester 100.0 2223 3729 0.0011

1.0K 2219 3721 0.0025

10.0K 2211 3702 0.0049

100.0K 2194 - 
3669 0.0074
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TABLE 19. ELECTRICAL MEASUREMENTSOF MINERAL OIL
IMPREGNATED ~~APERS MEASURED AT 150°C

Capacitance at Dis sipation Factor
Frequency 150°C Impregnated

Paper (Hz) (pf) Paper

Kraft 100. 0 9663 0.0108

1.0K 9608 0. 0041

10. 0K 9563 0. 0027

100. 0K 9601 0. 0058

Lense 100.0 3670 0.0180

Tissue 1.0K 3635 0. 0052

10.0K 3623 0.0021

100. 0K 3619 0. 0029

Nomex 100. 0 1955 0.0160

1.0K 1944 0. 0052

10. 0K 1933 0. 0039

100. 0K 1923 0. 0054

Pol yester  100. 0 3867 0. 0331

1.0K 3824 0. 0079

10. 0K 3796 0. 0053

100. 0K 3771 0. 0069

40

____ —a-V.—— ~~~~~~~~ - .



_ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ VV ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VV _~ V~~~~~~~~~ V V V

TABLE 20 . ELECTRICAL MEASUREMENTS OF PCB IMPREG-
NATED PAPERS MEASURED AT 23°C

Capacitance Capacitance Dis sipation
Before Af ter  Factor

Frequency Irnpreg.  Impreg.  Impregnated
Paper (Hz ) (p f)  (p f) Paper

Kraf t  100.0 13940 0.02

1.0K 14050 0. 011

10.0K 13840 0.013

100.0K 13640 0.021

Lense 100.0 7800 0.080

Tissue 1.0K 7676 0.011

10.0K 7627 0.006

100.0K 7589 0.013

Nomex 100.0 - -

1.0K 3482 0.17

10.0K 3318 0. 02

100. OK 3282 0.01

Polyester 100.0 6294 0.04

1.0K 6234 0.008

10.0K 6180 0.007

100.0K 6129 0.018
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TABLE 21. ELECTRICAL MEASUREMENTS OFPCB IMPREG-
NATED PAPERS MEASURED AT 150°C

Capacitance at Di s s ipa t ion  Factor
Frequency 150°C Impregnated

Paper (Hz ) (p f) Paper

Kraft  100. 0 - -

1.0K 12160 0. 047

10. 0K 11830 0.011

100. 0K 11860 0. 008

Lense 100. 0 - -

Tissue  1.0K 10270 0.6

10. 0K 6360 0.10

100. 0K 6220 0. 02

Nornex 100. 0 - -

1.0K 7807 0.8

10. 0K 3191 0 .2

100. 0K 2981 0 .03

Polyester 100.0 - -

1.0K 13850 0.8

10. 0K 6080 0. 2

100.0K 5725 0. 02

42

V V - 
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C— 
~ 

s-L~~~~~~~~~~~~~~~~~~~ iVV~~~ V ~~~~~~~~~~~~~~~~~~



V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - V  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VH.:~ :~~ 1Jr

V TABLE 22. ELEC TRICAL MEASUREMENT OF SILICONE OIL
IMPREGNATED PAPERS MEASURED AT 23°C

Capacitance Capacitance Die sipatlon
Before After Factor

Frequency Irnpreg. Impreg. Imp regnated
Paper (Hz) (p f) (pf) Paper

Kraft 100. 0 9721 0.0051

1.0K 9638 0.0067

10.0K 9540 0. 0088

100. 0K 9459 0.0186

Lense 100.0 4062 0.0024

Tissue 1.0K 4050 0.0024

10.0K 403 7 0. 003 1

100. OK 4020 0.0068

Nomex 100.0 2119 0.0040

1.0K 2108 0.0047

10.0K 2093 0.0058

100.0K 2077 0.0124

Polyester 100.0 4196 0.016

1.0K 4186 0.0028

10. 0K 4162 0.0055

100. OK 4124 0.0091
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TA~BLE 2L ELECTRICA-b MEASUREMENTS OF SILICONE OIL
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highest losses were observed with PCB combinations, with  onl y slig ht l y

lowe r losses noted with DOP. At room tempera ture  the losses are primar-

il y determined b y the fluid with the papers acting in some s econdary manner  to

produce the minor d i f fe rences  noted for  the d i f fe r en t  papers.

At elevated temperatures  the losses experience a change in charac-

ter. In general the low frequency losses are greater than the corresponding

room temperature value , while the high f requency values are lowe r than

their high temperature low frequency counterpar ts  and lower temperature

values at the same frequency. At 150°C the combination s now more

closely approximate a paralle l. R - C  element. For the combinations evalu-

ated the lowest ave rage loss at elevated tempera ture  exists with the mineral

oil and silicone combinations. At 150 °C all  of the papers are nearl y equiva-

lent with these oils. As was noted at room temperature, the fluid is the

loss determinant at elevated temperatures .

For maximum energy storage densi ty the p re fe r red  paper-oi l  com-

bination would be kraf t  pape r and DOP. The limitation for this combination

is the electrical loss at elevated temperature  which could exceed 10 percent

at low frequency operation. As an alternative to have minimum losses ove r

the frequency and temperature range s of interest , kraft  paper and either

mineral oil or the silicone should be selected. These combination s provide

slightly hig her energy storage than would resul t  with the other papers.

Paper-Oil Compatibility

The compatibili ty of the paper-oi l combinations was determined by

elevated temperature exposure. The purpose in these tests was to deter-

mine changes in the electr ical  properties for those combinations which

could result from eithe r elevated tempe ratures or from prolonged exposure

at lower temperatures.  In these evaluations the potential interactions were

determined by monitoring change s in the die lect r ic  constants , dissipat ion
0

factors and dc resistances occurring after an extended exposure at 150 C.

It should be noted that changes observed in these tests are indicative onl y

of interactions occurring at these exposure conditions and are not necessar-

il y indicative of an incompatibility at lower temperature. Lower temper-

ature coxnpatibilities could only be established by temperature tests and in
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a conservat ive  approach to mater ia l  se lec tion , dele ter iou s changes  noted in
these elevated temperature  experiments  wi l l  be concluded to represen t  also
longer term lower temperature react ions  which could r e s t r i c t  the use of
the combination in question.

Experimenta l Procedure and Resu l t s  - In these evaluations the
paper-oil  combinations previously character ized were exposed at 150°C for
240 hours. These samp les contained in Pyrex tests  having ground glass
joint s sealed with Teflon tape were maintained in a circulat ing air oven for
the exposure. After the exposure period , the samp les were returned to
room temperature and the d ie lec t r i c  constants , d iss i pation fac tors  and dc
res is tance were again determined at 90 Vdc. In addit ion to the e lec t r ica l
determinat ion , general observations were made for change s in color and
physical .  cha rac te r is t i c s  such as apparent v iscos i t y, si ze, etc. , which
could also indicate chemical interaction.

The results of the compatibilit y tests are summarized in Table
24. In the table the dielectric constants and diss i pation fac tors  before
and after expo sure ar e given along with the dc resistances . None of the com-
binations experienced a significant change in dielectr ic  constant. The absence
of change in this propert y is not surpr i s ing  when the loss propert ies  are com-
pared. For an appreciable change in dielectric constant to have occurred, a sub-
stantial chemical or physical change would be required. Such changes are
not in evidence based on a comparison of dissipation factors or physical
appearance. The d iss ipation factors show onl y minor changes for any of
the combinations. These changes could be accounted for by furthe r moisture
elemination or experimental er ror . Only the mineral  oil showed a change
in appearance with the exposed sample having a slightly darker color from a
light straw color to a golden yellow. Such color changes are suggestive of
fluid oxidation. However, the level of oxidation resulting did not signifi~cant ly alte r the electrical  losses for  any of the paper combinations. It
should be noted that all of the samples initially as well as te rminally con-
tained whitish flocculent suspended materia l which was soluble at 150 °C
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TABLE 24. EFFECTS OF 168 HOUR, 150°C EXPOSURE ON THE
ELECTRICAL PROPERTIES OF PAPER-OIL COMBINA TIONS

Electrical Properties

Before Exposure A fter Exposure

Paper-Oil Capa- Dissipation Capa- Dissipation
Combination citance Factor citance Factor

DOP - K raft 14700 14650

- Lens 0.010 0.008
V t issue

- Nomex 3148 0.029 3120 0.021

- Polyester  6490 0.017 6470 0.014

Mineral
Oil - Kraft 9 180 0. 0059 9160 0. 0068

- Lens 3688 0.0021 3640 0. 0041
tissue

- Nomex 1920 0. 0043 1910 0.0050

- Pol yeste r 3721 0.0025 3692 0. 0032

PCB - Kra f t  14050 0 . 0 1 1  13900 0.014

- Lens 7676 0.011 7640 0.014
t i s sue

- Nomex 3482 0 . 1 7  3470 0 . 0 95

- Pol yes te r  6234 0 .008  6l~~0 0 .0 1 0

Silicone
Oil - Kra f t  9638 0. 0067 9630 0 .0078

- Lens 4050 0.0024 4005 0. 0042
tissue

- Nomex 2108 0.0047 2100 0.0040

- Polyester 4186 0.0028 4150 0. 0037
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with all of the fluids. The source of this material was assumed to be the

heat shrinkage sleeving used to bind the windings. This material was first

noted after the 150°C high temperature measurements. Subsequent loss

measurements at room temperature showed no change and the material -

p robabl y of parafinic nature - was assumed to be benign.

Based on the changes observed , all of the combinations are con-
sidered to be suitable for use at 150 °C. From these results it is also
concluded that extended exposures at lowe r temperatures should not resul t

in degrading changes. As part of any longer term or elevated temperature
use , all of the combinations must , however , be maintained in nonoxidizing,

mois ture- f ree  conditions .

2.5 CONCLUSION

Based on these evaluations , the following materials are recommenied

for constructing high energy densi ty  capacitors.

F jIm s

Three films are potentially suitable. These are

• polyvinylidene fluoride

• polyimide

• polysulfone

The possible limitations for the vinylidene fluoride are the electrical

loss and an upper temperature li nit of approximately 150°C. Both the imide
and the sulfone have considerably  lower losses and hi gher operating temp-
eratures .  The energy storage densities for these three materials are
comparable and all are chemically compatible with the selected f lu ids .

Paper-Oil  Combinations

Two paper-oi l  combination s are  recommended.  These are

• kraft paper - minera l  oil

• kraf t  pape r - DOP
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The highest ene rgy  storage densi ty  is achieved with the kraf t-DOP.

However , the losses associated with this c ombination could l imit  its use.

For minimum loss while maintaining a hi gh energy dens i ty  the k ra f t-min e ral

oil would be p re fe r r ed .

It should be noted that if very high temperatures are found to exist

in these devices the silicone aromatic  amide paper should be considered.

The limitation here is the paper thickness which is currently available only
a 3. 0 mils or thicker .

Fo i l

Only one foil was selected - aluminum. Aluminum has the highest

conductance per unit mass and is chemically compatible with the othe r

construction materials.
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3 .0  PAD DESIGN

The design of the individual pad s or sections which make up a large

capacitor normally separate s into two distinct tasks: the design of the

dielectric sandwich, and the choice of section shape. In the first task, the

designer must choose the number , type, and thickness of the dielectric

layers and determine effective dielectric constant and required area. In the

second task, the designe r chooses the width of the foil, and from that

determines winding length and section conformation.

To achieve the ene rgy density required in this program, the sing le

most important goal. is the development of a large enough electric field

across the dielectric sandwich. The increase in energy density which might

be achieved by the adjustment of film and foil width s is a second order effect

compared to having enough field. Therefore, in this task a single choice of

film and foil width was made, and the majority of the effort was directed at

design of the d ielectric sandwich.

3. 1 ENERGY DENSITY

From time to time confusion arises as to the exact meaning of a

particular “ energy density” quoted as a component specification. This

discussion is presented to aid in understanding what is meant.

As used in the passive component field, energy density is taken to

mean stored ene rgy per unit weight, normally expressed in joule s per pound.

There is no particular problem in computing the stored energy:

1 2 - .
Stored Energy 1

CV (1)
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where C is the capacitance and V the app lied voltage. The problem arises
because d ifferent weights are used to arrive at energy density.

The best po ssible energy density is obtained when the only weight
considered is that of the dielect ric actually storing energy. This is the

value usually presented in reports (as in AFAPL-TR-74-79, “218  joule s per
pound of active storage volume”) .  The formula for this value is:

ED = 4. 425 x K E2 /d (cgs units)  (2)

where K is the effective dielectric constant of the insulation stack, E is the
applied electric field (V/cm), d is the effective density of the stack (g / c m 3 ),
and ED is the energy density (Jig).

A more realistic number for development purposes is the energy
density in the active portion of the section. By this , it is meant that the
weight of the foils is added to the weight of the active dielectric. The
expression is then:

ED = 4.425 x K E2 /(d d + tf
d
f/td ) (3 )

where dd and td are density and thickness of the dielectric stack, d
f 
and t

f
are density and thickness of the foil, and other terms and units are as above.
This is the expression used in the weight minimizations presented in
References  3 and 5, listed in the Summary.

The only number of concern to systems designers  is the mission

energy density, which includes case, terminat ion, margins, and connections.
This value is obtained by dividing the stored energy by the finished capacitor
weight, and is normally much smalle r than the value found by equation 2. 

j

As an example, a capacitor was designed and weights determined.
This capacitor is not a type used in the tests described below. Nevertheless,

the re sults disp layed in Table 25 are interestin g.
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TABLE 25. TYPICAL ENERGY DENSITY

1. In active d ie lec t r ic :  805/lb

2. In active section: 67J/lb

3. System density: SOS/lb

This shows that the final mission weight is larger than that of a section, as

one would expect. Since the system energy density is dependent on light-

wei ght case design, the energy densitie s defined in equations 2 and 3 were

employed in the initial phase of this program .

3.2 LAYER DESIGN CONCEPTS

Capacitors are normally designed with several thin layers of insula-

tion between foils rather than one thicker layer. This improves the capacitor

reliability by precluding shorting because of a pin-hole or conducting pa rti cle

in a single layer. Also, since the dielectric strength of a thin laye r is

larger than that of a thicker laye r , capacitors made from many thin layers

may be operated at hi gher stresses than those of equivalent thickness made

from a few thicker layers.

The earliest capacitors were made from pape r sheet, and kraft

capacitor paper is today an important dielectric. The least expensive com-

ponents have all kraft  pape r layers, but the field and energy density at

which they may be operated are limited by the low dielectric strength of the

paper. Modern pulse capacitors use polymeric film dielectric with the

kraft, to take advantage of the higher dielectric strength of the polymeric
film. The kraf t  paper, interleaved between the plastic and foil , has been

retained despite its low dielectric strength because its irregular surface

traps impregnation fluid and thus prevents fluid squeeze-out, bubble forma-

tio n, and subsequent corona damage. Numerous schemes have been

proposed for the elimination of kraf t  paper in pulse service components, but

none has been successful in practice.
The thickness of the individual layers and the number of layers are

normally governed by the available thicknesses of the dielectric materials,
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the capacitor operating voltage, and the designe r ’ s prefe rence. Very little

has been writte n about any other selection criteria.

3 .3  FIELD BALANCE

The experience on this program has been that the most successful

capacitors have the best field balance in the dielectric.  This means that

each element in the dielectric stack is operated at the same percentage of its

dielectric strength.  Capacitors are not normally designed thi s way .

Experiments on conventionally-wound components show that the

average fluid layer thickness is 15% of the interfoil separation. This means

that any design based on field balance must t reat  three laye r type s (paper ,

plastic, fluid) rather than just the two solid layers. Since many of the con-

ventionally- wound section failure mechanisms involve the fluid , this is

especially true.
The electric fields in each layer are calculated from the equation:

K K  V
E = 

b c
a t v .  i~ + t , ~ ica b c  b a c  c a b

At the moment the electric fie ld calculations are done af t e r - t h e -f a c t , and

the designs are adjusted iteratively to achieve the best possible field balance.

A computer progr am to accomplish the same ta sk (as well as the thermal

analysis) is conceptually simple, although substantial programming effect

would be required.
As part of the field balance design problem, it was thought to write a

minimization routine to design a dielectric sand wich based on the following

dat a:

• layer dielectric constants

• layer densities

• required energy density
The routine was to adjust layer thicknesses so as to minimize the electric

field in each layer. The results we re instructive but some what unexpected. V

It turned out that in any two layer system, the ideal layer thickness (given

different layer dielectric constants) of one layer to minimize the fields is
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zero. That is, a capacitor made of just  one material  always has lowe r field s

in the dielectric than ~~~~ two-mater ia l  structure.  The lesson is obvious:

each layer type must give enough advantage to offset the increased layer

fields .

3 .4  MAT ERIALS

In the Dielectric Systems Selection section many material s were

discussed. Designs were made during this task for capacitor systems

composed of the following plastics:

V • Polysulfone (P. J. Schweitzer)

• Kapton (DuPont)

• Mylar (DuPont)

• Polyviny lidene Fluoride (Ku reha Chem ical KF Film)

and the following papers:

• Regular kraft (Weyerhauser)

• Regular kraft (P. S. Schweitzer)

• Extra-strength kraft (‘ EIB Pape r ” , P. J. Schweitzer)

Because of the very high price, large minimum purchase, and poor

quality of thin films (as reported in TR-7 5-69) ,  Kapton was not actuall y t e s t ed

experimentally. The Weyerhauser paper had been in stock for some time,

and was found to have worse electrical prope rties than the Schweitzer paper.

This may have been due to storage conditions. Therefore, the Weye rhauser

paper was used onl y with the Mylar to test tab insertion proce s ses. Capa-

citors of every other combination (p lastic-paper) were designed , built, and

tested.

3. 5 LAYER DESIGNS

The designs presented below in Table 26 are layer designs only.

Detail s of othe r const ruction are to be fou nd in the section on “Wrinkle Free

Pad s” .
Desi gns were built out of non-optimized materials solely to test

winding tab insertion, and extended foil termination techniques. They
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were wound round and flattened afte r winding, or wound on small solid

mandrels. All other designs  were wound flat.

I t  is important to realize that each of these designs was conceived

after the previous design had been built, tested , failed , and anal yzed. There

was no intention to produce any statist ical data, as the data in Table 27

demonstrates.

TABLE 26. LAYER DESIGNS

De sign Film Paper

1 2 - 100 ga Mylar 3 - 0. 3 mu kraft

A 2 - 24 ga PS 3 - 0. 4 mi] EIB kraft

B 2 - 24 ga PS 3 - 0 . 4 mi] EIE kraf t

C 2 - 48 ga PS 3 - 0 . 4 mi] EIB kraft

D 2 - 32 ga PS 3 - 0 . 3 mu . kraf t

E 2 - 5 O ga PVF2 3 - 0 . 4 mil ElB kraft

F 2 - 50 ga PVFZ 3 - 0 . 4 mi] EIB kraf t

G 2 - 100 ga PVFZ 3 - 0 . 3 mu kraf t

H 2 - 100 ga PVF2 3 - 0. 3 mu kraft

I 2 - 32 ga PS 3 - 0. 3 mu kraft

S None 5 - 0. 3 mi] kraft

K None 5 - 0.4 mi] EIB kraft

L 2 - 4 8 ga PS None

M 2 - metallized 24 ga PVFZ 1 - 0. 3 mi] kraf t

TABLE 27. PULSE TEST SUMMARY

39 Capaci tors  for  Tes t
4 Bas ic  D i e l e c t r i c  Combinat ions

16 D i f fe ren t  Des i gns
30 Tested to Failure

37 Fai lure  Anal yzed

2 In Test
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4. 0 WRINKLE-FREE PADS

The work c onducted under thi s task , to develop uniform w r i n k l e - f r e e

V 
capacitor sections (or pads), is the heart of thi s entire program, because
the individual  pads are the bui ld ing-b locks  f rom which large r capacitors
are constructed. The effort was approximately equally divided between
development of fabr icat ion processes  and development of test methods.

4. 1 WINDING WRINKLE-FREE PADS

Conceptually, the winding of wr ink le - f r ee  capacitors is not very
di f f icu l t , because it would seem to consist large ly of using greatly inc r eased

care and meticulousness. These factors are usually lacking in a production

envi ronment .

Wrinkle s basical ly have two causes. The f i r s t  is uneven tension
c ontrol  dur ing  the winding, which may be the resul t  of d ie lec t r ic  web wander ,
uneven unree ling, or changes in winding speed. Actually, it is very  near ly
impossible to fabricate a completely wr ink le - f r ee  pad on a conventional
winder. Second , after a pad is removed from the sp indle it is f la t tened in a
press , which causes wr ink les  and other e f fect s .  To eliminate wrinkles the
winding process must be redesi gned and the f la t tening step eliminated.

The section outliues the basic methods for achieving wr ink le - f r ee
fabr ica t ion  of two pad shapes. It is poss ible  e i ther  to use a very  small core
and wind a cy l indr i ca l  capacitor that does not need to be flattened to obtain
the maximum packing fac t or , or to wind flat  pads d i rec t l y, e l iminat ing all
w r i n k l e s .

The c lass ic  method of winding capaci tors  is basical ly very  simple.
A round sp li t mandr el driven by a var iable-speed motor  is used to wind up
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multiple l a y e r s  of i n s u l a t i o n  and c o n d u c t i n g  f o i l .  The i n s u l a t i o n  and f o i l  a re
su pp l ied  f r o m  r o l l s  mounted  on f r i c t i o n - b r a k e d  shaf t s .  The purpose  of the
f r i c t i o n  b r a k e  is to  supp ly t ens ion  and r educe  the bu lk  of the f i n i s h e d
( V a pa C i t  o r .

F i gu r e  ~ is a pho tog rap h of a t y pical sp lit  wind ing mandre l  on a
co m m e r c i a l  w i n d i n g  mach ine .  The fo i l  and in su l a t i on  are  p in c hed in th e

sp l i t  m a n d r e l  to f a c i l i t a t e  s t a r t u p .  The m a n d r e l  is w i thd rawn  f rom opposi te
end s of t he c a p a c i t o r  pad when the w i n d i n g  is co mplete.

-V

Figu r e ~~ . Sp li t  M a n d r e l

Figure 6 is a photograph of a typ ica l f r i c t i o n  brake  on a commer-
c i a l  w i n d i n g  mac hine .  The ori ginal te n s i o n  con t ro l s  cons i s t  of “V ’ g roove

pul le ys which  ro ta te  wi th  the supp ly ro l l  of m a t e r i a l .  A round f ab r i c  be l t

is  wrapped a round  t he pu l l ey  and its t e n s i o n  is cont ro l led  by a swing a rm
ove r which the w ind ing  m a t e r i a l  passes.
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Figure 6. Typ ical Friction Brake

There are several basic problems with the drag friction approach to

holding fi lm and foil tension. There is a 4. 5 to I ratio between starting

friction and running friction. In addition there is about a 3 to 1 variation

of friction depending on the pulley speed. If it becomes necessary  to

stop the winding operation to inser t  a tab , or make adjustments, the tension
fal ls  to zero.

The winding of large capacitor pads resul ts  in a roll that has large

variati ons in tension throughout its cross section which promotes wrinkles. V

The solution to the tension problem was found in the magnetic tape

recording industry technology, where constant tape tensions are maintained

over wide ranges of speed and of forward and reverse direction of transport

through use of torque motors on the tape reels .  For this purpose the con-
ventional friction-brake supp ly spindles were rep laced with supply spindle s

controlled by DC torque motors which cause the output-shaft torques to be
proportional to the motor current and independent of speed and direction

over a rather wide range.
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The motor cur ren t  is control led with a solid state controller , and

can be monitored on an ammeter.  Thus the operator can exercise complete

control of each spindle torque and may adjust the torque during the winding

process .

Although the torque motor produces constant torque for a given input

current, the diameter of the supply roll of foil or film changes. The net

resu l t  is a change in foil or film tension . In order to compensate , the

actual f ilm tension is compared to a calibrated torsion spring and the error

fed back to the to rque motor. The system is a closed loop servo with a

torsion spring as a reference. See Figure 7 for a simplified diagram.

FILM ROLL

1TN
M0T

~~~~~~~
j

~~~E

Figure 7. Sing le web servo control.

The origina l machine design did not provide for separating the foils

and film after they were unreeled and before they were combined in the

capacitor roll. Static charges were built upon the surface of the plastic

films which attracted adjacent foils and films result ing in complete loss of

tension control. The fastest moving film would drag all the adjacent fi lms 
V

along and result in tucks or folds in the material that is feeding too fast,

ergo wrinkles in the capacitor.

A series of f ingers  or posts had to be placed at strategic points to

keep the films and foils from contacting until they are combined into the

60

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
V~



r 

- - - - V

(V a p a t V i t . j r .  The l o c a t i on  of the f i n g e r s  c a n  be 5 (V e f l  i n  t he  ph o t o g r a p h of
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b e f o r e  the W i n d u p  rnand ret to p r o v i d e  f i n a l  c ont rot for t he  f i l m s  and foils.

~

(a)

(~~~~ /‘ o ’V o q~
A2 A4 ~~~ 

_ - -- 
- -

-
-V 

- --

(b )

Figure 8. Revised winder web paths.

61

_
__ V ~~~~~~~ ~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VV~VV~~ VV~ ~~~ 

V~~~~ V VV ~~V.V ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — •~V - - A



T
I fl~U r e  0 is  a ph o t o g r a p h of the  buc k  of ~) ( V  ( ap a c  it o  C ~v i n d e  r show —

i i i i ~ t h e  t o r qu e  i l iot o r s , s e r v o  pots and C l C c t F o U i C S  c a b i n e t . l i gu r e  10 is a

V p h i  o~~ r ap h of the  ope r a t o r  e nd of the machine showing the control panel  fo r

~V V t V h i n ( 1 I \ i ( l U a l  spindle ..

V 

- 

~V7~~1~~~~~ 
/

p

V — V

F V i g l i r e  R e a r  of t i i o c l i f i e c l  V V V V i nd ~~C .

The following drawings a r e  provid ed to  show t h e  d e t a i l s  of t he

I udivi d it al n i e c e  p a r t s  tha t  w e r e  f a b r i c a t e d  t o  comp lete the conversion of the

- a~) a .  t~~r w i n d e r .  Each  d r a w i n g  i s  t o  be found in  A n p e n d i x  B .

V 

- l)rawinc H - 7 6 0 7  is  a c u t a w a y  assembly of t h e  sp i n d l e  and t o r qu e
n~o tor  driv e.

I)rawing H- 7608 is a cutawa y as sembl y of t he  t e n s i o n  a r m  c o n t r o l .

117579 Torque s p r i n g

J175- ~
() Dial clamp

l175~~l Adapter

I17~~-~~ Sha ft

1J7 ~~-~ B e a r i n g  shaf t
I I 7 ~~~~V~~ V4 Bolt

If7~~I5 Spacer
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l i L u r e  10. Op e r a to r  p u s i t i o n — i u o d t f i e d  ~\ 1 n d cr .

I- J7~~~b ~ 1ou n t i n g  p l a t e  ( s e r v o  n u t

1l7~~~ Drive bush ing

I1 7~~°~ Sp i n d l e  d i~ive a s s e m b ly

I r 7 ~~Q4 Ad u s t i n g  whee l

I I7~~°5 Space r  ( t o r q u e  m o t o r

117 5o h ~~~~ o u nt i  ng p la te  t o r q u e  n~ - 1  or

1!757~ R o l l e r  a s s e m b ly  ( t e n s i o n  a r m )

1!7 S~~T P l a t e  ( d r i l l  i g i

I1 75~~ V~( Sp r i n g  d r u m

1 f 7 ~ ,~~q Spi n d l e

J J 7 50 1 )  Support sha ft

117~~°l Drive shaft
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H7597 Plate (dr i l l  j ig )

H7598 Electr ica l drawing

3393068 Mounting bracket torquer brake capacitor winder

3393069 ControLler  capacitor winder

3393072 Cabinet assembly capacitor winder
The problem of damaging the films and papers and causing wr ink les

during the f lat tening procedure normally employed was solved b y using a

flat  winding mandrel  and winding the capacitor sections d i rec t ly in a flat-

tened c onfiguration. The result  is a section which is flat , but not stretched

or wrinkled.  This technique is only possible with a constant tension

machine, because the velocity of the film and foil varies from zero to max-

imum and back to zero twice each revolution. Drawings H7603 , 7604 , and

7605 contain the details of the flat mandrel used for this work. The flat

mandrel can be seen in the center right side of Figure 10, and at the left

under the operator t s left hand in Figure 8(a).

4 . 2  DRYING CAPACITORS PADS

Capacitor sections are normally dried at as high a temperature as
is possible , so that the processing time is short. Some manufacturers
pre -dry  in air , but most dry in rough vacuum. Unfortunate ly, the quick
drying cyc le in i tself  causes the d ie lec t r ic  sandwich to wrinkle. The d rying
process was therefore examined to insure as dry a section as possible ,
but without wrinkles.

The principal problem is the kraft  paper in the sandwich. Kraft
normally contains 7% water , which is the equilibrium value for 50% relative
humidity. Sadly, completely dry kraft is bri t t le , so the damp material
must be wound into a pad and then dried.  Upon dry ing, the kraf t  shrinks a
few tenths of a percent in length and width, and several  percent in thickness.
Wrinkles  are caused by uneven dry ing.

When a paper-plast ic  capacitor Section is heated in vacuum, the
moisture must escape out the ends of the pad at the tabs or othe r termin-
ation , because the plastic fi lm ba r r i e r  prevents any other moisture flow.
If high temperatures are  used to accelerate drying, a large moisture
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gradient develops between the pad cente r and the ends. This gradient  causes

the paper to shr ink unevenly, resulting in the wrinkles shown in Fi gure

11(a). For reference , a winding made on an unmodified winder and dried

at hig h temperature is shown in Figure 11(b) .

The gradient is reduced by drying for a longer time at a lower

temperature. The result of such an experiment is shown in Fi gure 11(c) .

This pad was dried at 50°C compared with 125°C for Figure 11. Pads were

also dried at room temperature in vacuum, and in nitrogen in dess ica tors .

Both these methods produce wrinkle-f ree  pad s, but longer time s are

required.
That the pad s were completely dry  was confirmed by moni tor ing the

dissipation factor during drying. An additi ona l quality control step con -

sisted of ana lysis of the impregnation fluid for water. Samples taken

during fil l ing were compared with samp les taken after test , and no change

was found.

4.3 CAPACITOR IMPREGNATION

Having gotten the capacitor sections dry without wrinkl ing them, one

must fill them with dry, degassed , high resistivity fluid. The impregnation

must be clean , total , and must not wrinkle the sections . Necessa r i ly the

dry ing and impregnati on are carried out as a sing le step, so the process

design must take this into account.

The equipment which was ultimately heavily modified to achieve

these results  was a standard type fluid impregnator manufactured by

Red Point. It consisted of a capacitor chamber, a side loader for the fluid ,

V 
and a very high capacity pump. Unmodified , it delivers fluid to the

capacitor which is dir t ier  and of lower res i s t iv i ty  than tha t with which it is

loaded.

It was decided on the basis of ini t ial  experiments that the only

pract ical  way to use this equipment for hig h- res i s t iv i ty  impregnation was to

continuously f i l ter  and purif y the oil under vacuum in the machine . When

the capacitors were read y for impregnation, the fluid would be diverted
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F i g u r e  1 1 ( a ) .  Wound— flat stack.

~~~~~~~~~

‘

~~~~~~~4’~~~I~~~~~~~~~
V 

V f :

~~1riI4 J~
F i g u re  1 1(b ) .  W r i n k l e d  d i e l e c t r i c  s taci ’ .

- 
. .‘

F i g u r e  11( c ) .  Spec ia l d r y i n g .
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from its cycle loop and poured int o the capacitors. In thi s way, the purest
possible fluid would be obtained for the capacitors.

The modified filte r loop is schematically depicted in Figure 12. The
entire c i rcui t , as well as the chamber (not shown) in which the capacitors
are dried , is maintained under vacuum by the large process pump attached
to the machine. The add ed lines and recirculat ing pump have no exposed
metal parts , so as to minimize the chance of introducing metal particle s into
the fluid.

PARTICULATE CLAY
FILTER FILTER

SIDE LOADER

T> 1000C 
____ ____r~~i

~~~~~~~~~~ /CONTINUOUS CIRCULATION 

T 
~~

CAPACITO R FILL PORT FLUID SAMPLE PORT

ENTIRE CIRCUIT UNDER VACUUM
TYPICAL FLUID RESISTIVITY 3 x 1O’6 ~~~~

Figure 12. Fluid process cyc le.

The impregnation procedure is strai ghtforward. The side-loader is
fi lled w ith fluid, and the capacitors to be filled are placed in the main
chamber. Vacuum is obtained in both areas , and the fluid is heated , f i l tered ,
and degassed. The fluid is samp led at the end of this cycle to be sure it is
suff ic ient ly pure , and the capacitors are monitored for dissi pation factor to
make sure they are dry. When all conditions are right , the capacitors are
filled with the clean fluid. A detailed procedure for this entire operation is
found in A ppendix C.
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4 . 4  PAD TEST CONFIGURATION

The physical configuration in which the individual pads were tested
was designed to dup licate condit ions in a f u l l - s i z e d  capacitor .  Because 

- -

general  purpose reusable cans were used , it was necessary to make a

capacitor  pad support f ixture which did not re ly  on can wall  contact , as a

conventional capacitor would.

A complete assembly of a 1.1 ii.F pad is shown in Fi gure  13. A t the

uppe r left is a c omplete unit ready for test .  The compone nt par t s  of the
can are in p las t ic  bags , as del ivered  f rom the cleaning labora tory .  A
typical pad is shown in the center , and a pad completely mounted is shown V

at lower ri ght. A deta i l  of the mounted pad is shown in Figure  14. The
epoxy-g lass boards and compres~ ion screws simulate the pack ing  into a
s t i f f  f l a t - s ided  can. The coppe r s t rap  provides a low-inductance  s t r u c t u r e
to allow pad tes t ing  us ing  an exact PFN waveform.  The two holes in the
strap attach to two bolts in the lid of the reusable can.

a.

‘V# 4 V

‘ 4

•
~ 

V J ~~~~’

Fi gure 13. Test pad assembl y and can .
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~~~~~~
Figure  14. Test pad detail .

4. 5 PAD TEST CIRCUITS

To perform valid tests on these specialized PFN components, it was

necessary to use a current discharge waveshape representative of actual

PFN service. Thus, the work specified as Task 7 - PFN Operat ing Envi ron-

ment was pe r fo rmed  in support of this desi gn . The equi pment actually used

to test pads , and that which will be used to test ful l -s ized capacitors , meet s

the requirements  of Task 7 as well as those of Task 3.

4. 5. 1 A nalysis

A computer program for t ransient  anal ysi s was used to gen erate a

p lot of actual d ischarge current  in a capacitor used in a 6-sect ion PFN. Such

a plot is shown in Figure 15 for a 20 ~ s output pulse. Analyses  were

conducted for both the 20 ~ts output pulse and the specified 20 ~s current

discharge pulse (see A ppendix A).

After the actual waveshapes had been obtained , they were decomposed

into their Fourier component s. Tabl e 28 shows the values for a 1. 1 VIF

pad operated at 300 pps with a 20 1.~s discharg e pulse. Using these values.

a simple test waveform containing the correct components was constructed.

This waveform is shown in Figure 16, for a typical test specimen .
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TABLE 28. CAPACITOR CURRENT SPECTRUM

Charging f
1 

f
2 

f3 
f4 

f
5 

All

Frequency 0.15 12.5 25.0 37.5 50.0 62.5 -

KHz 
V

Current  2 .9 26.4 28. 2 16. 3 8.6 5 .3  46 . 5
Amps RMS

4. 5. 2 Pulse Test Apparatus

To obtain the waveform shown in the previous section, a resonantly-

charged modulator-type circuit with a series-resonant load was emp loyed.

A simplified circuit is shown in Figure 17. The capacitor under test is

resonantly charged by the DC supp ly throug h the charg ing choke while the

HY-5 hydrogen thyratron is open. The thyratron is then t r i ggered , and

the test capacitor discharges through the load and inductor, the RLC p-oduct

controlling the waveshape. Various clipper and blocking diodes control

reversal and ringing , and prevent damage to the HY-5 tube.

In order to achieve the correct waveform, it was necessary  to desi gn

an extremely low inductance load . The use of this component allows the

waveshape to be t?.ilored to a variety of widths by the adjustment of the

external series inductor. An exp loded view of the load is shown in

Figure 18. There are 16 rod resis tors  inserted into the hollow tubes.

The current travels dowfl the resistor and back through the tube, thus pro-

viding a low inductanc e path. Cooling is provided by air forced down the

center of the resistor, back ove r the outside , and thence to exhaust. This

load ha ndles 70 kW continuous, 220 kW burst , and has an inductance of

~s t han  20 nH. The resistance is varied to fit the test situation by chang ing

• L — ‘~~ 
- — nt..

A n  -v r a l l  view of the high voltage part s of the pulse test apparatus

• ~~~~~~~~~~ n Fi g, .r . .  J~~. The load is on the right , the inductor and test
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HORIZONTAL: 5~iS/DIVISION

Figure  16. Discharge  cur ren t  wavefo rm .

capacitors in the cente r , and the switch on the left . Because the tests  were

run in the burst  mode , four vacuum contactors  were  used to switch 4 capa-
citors sequentially. This speeded up the pulse test ing . Figure  20 shows

a better  view of the load and contrac tors .
The controls , inter locks , and monitors  were housed in another

hig h voltag e cag e area, and are shown in Figure 21. The DC supply is on

the right, the control units in the cen te r , and the waveshape monitor  on the

left. The upper part of the control box panel (with the 4 meters) housed the

HY-5 controls and interlocks , as well as the capacitor voltage monitor. The

lower part housed the driver , clock circuitry, and rate controls. The

following capacitor parameters  were monitored :

• Interna l  t empera tu re

• Charg ing cu r r en t  (± 0. l~ i )

• Capacitor  voltag e (*0. 1%)

V 
• Number of pulses
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F i g u r e  17. Pulse t e s t e r  s imp lified c i rcui t .
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V Figure  19. Hi g h voltage section of pulse tes t .

The capacitor voltage was obtained by a sample and hold circui t
t r i gge red  j ust before  each d ischarge .

4 V 0 CORONA TEST ACTIVITY

Because of Hughes extensive favorable experienc e with corona tests

as a life-predictive technique, it was decided to test the 1. 1 ~F pads to see

w hat could be learned.  To do thi s , it was necessa ry  to heavily modif y a
st a n d a r d  Biddle corona test set.

Two modificat ions were performed.  It was necessary to develop a

r e sona to r  to allow the Biddle power supply to generat e a high AC voltage
ac ross  the larg e specimen. It was also found necessary  to do much work
to i n c r e a s e  in s t rumen t  sensit ivity and lower power supp ly noise. This was
impor t an t  because the sensit ivi ty var ies  as the inverse  of the sample
capac i tance.
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The test circuit for the resonator is shown in Figure 22 . This unit

is tunable over the range 0.9 to 1.2 p.F. The large tapped inductor and the

isolation capacitor operate at high voltage, and are therefore housed in an
oil tank . They are shown before immersion in Figure 23. This circuit

produces a 60 Hz sine wave which neve r crosses zero , as in Figure 24.

to simulate actual PFN voltage operation. It may also be operated in an

unbiased mode , to simulate standard AC operation.

An overview of the equipment is shown in Figure 25. The rack

at the left contains the corona pulse counter , the low-voltage parts of the

resonator and its controls, and power conditioning apparatus. The center

section is the modified Biddle unit . The resonator tank is out of sight to

the right , the connection entering thru the large port at the top ri ght.

Thi s modified unit can test capacitors in the rang e 0.9 to 1. 2 ~iF up

to 15 kV (peak) in the non-zero-crossing mode. Its sensitivity at 2:1 signal

to noise is 40 pC for that capacitance range. The unmodified unit had a

1000 pC se nsitivity for the same samples.

The data taken using this apparatus have been consistent and puzzling.

A new capacitor shows an acceptably hig h corona reading, but after pulsing

the corona inception voltag e falls to below 1 kV and remains there indefi nitely.

Thi s is attributed eithe r to bubble formation or to impregnant deg radation,

1~~
CITOR

TUNING INDUCTORS / i
I CORONA

T [~~~~ECTOR

FILTERED
POW E R
SOURCE

Figure 22. Corona test circuit.
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The following summarizes the test effort:

Number of capacitors : 39

Numbe r tested (pulse): 37

Number of designs: 16

Total shots run: 10, 034, 000

4. 7. 2 Introduction

As discussed previously, an interactive design-test-design program

was employed, so that each design was the result of the previous work and
problems. A very large amount of data was taken during the test effort, and
unfortunately it will only be possible to present summaries of portions of it

here. Much of the data was taken to help in the design process. Examples
are:

• Internal operating temperature

• Leakage vs T

• C and DF vs T and f

• Corona measurements

Some of thi s data was extremely helpful , othe r portions less so.

Two unique effort s bear mention. The first  was a g lass-encased

capacitor (serial  No. 17) for use in checking mechanical motion. This test

was conducted by pulsing the capacitor while observing the end with a long-

focus mic roscope. It was found that the improved winding process  produced

a section with no motion larger than 1 mu , a data point corrobc rated by the

lack of noise during operation. The second unique experiment was the

analysis of the gas produced by one of the PVF2 component s (serial  No. 26).

The gas was collected and analyzed with a mass spectrometer. It was

found to be primarily H2, with almost no combustion products. It was

apparent ly produced by the high-field gassing of mineral oil because of the

large field imbalance in the PVFZ component. Thi s effect has been previously

reported.
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4. 7. 3 Test Data

The following are summaries  of the pulse test data collected during
this program. In each section , the designs are first described , and then the

life-test dat a presented.  Ene rgy  density is discussed in the final section and
related to the individual tests.

4. 7. 3. 1 initial Tests
V 

These tes ts  were run using Mylar/kraft designs to test the winding
process and termination techniques. A number of changes and adjustments

were made as a result , the most important being the use of a la rger  than
normal flag on the tab to eliminate the oil pocket above the flag in conven-
tional construction. This pocket breaks  down at hi gh stress and the damage
appears to have been caused by a faulty flag.

All designs were interleaved layers 4 .5 inche s wide with 3 .675 inch
foils , wound flat. Five laye r construction of 2 sheets 1 mil Mylar and 3
sheets 0. 3 mil kraft  was used. The kraft  was not very high quality, but
these tests were not for energy density. The data is shown in Table 29.

4. 7. 3. 2 Hig h Density Tests

These tests were conducted using the materials selected in Task 1.
All capacitor sections used 4. 5 inch wide insulations and 3. 675 inch wide
foils , except designs Dl , D2 , and M. The impregnant was mineral oil

(Golden Bear GB-lOOM). The layer designs are show n in Tabl e 30.
Sections f rom serial 15 onward featured internal thermocouple

temperature sensors mounted at the section center. This data was used

to adjust duty cycles to avoid overheating. In most cases shorter rest periods

than that specified in A ppendix A are possible.
The test dat a is presented in Table 31 , for  all hig h energy density

sections. The notation ‘0 step” means a higher voltage at each burst or
group of bursts. The voltage give n next to “step° is the last voltage at
which a burst group was successfully completed .
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TABLE 29. INITIAL TESTS

Voltag e LifeSerial Rate ( k V) ( l o s shots)  Failure Dut y

1 300 4 100 None- C
disassembled

2 300 4 216 None - C
disas sembled

3 300 7 20 top tab 1/15

4 300 5 209 top tab 1/15

5 300 5 525 top tab 1/ 15

6 300 7 20 top tab 1/15

7 300 5 1 ,964 none 1/15

8 300 5 3, 000 none 1/ 15

9 Step t o l l  300 edge 1/15

C continuous duty

1/15 1 minute on, 15 off

The dram atic improvement in 7, 8, and 9 was obtained by using larger
flag s on the tab s and by arran g ing tab placement so that none overlapped.

Serial 17 , the glass unit , has not been extensively tested because the
container is slightly leaky. Designs J and K were assembled to examine
all-kraft units of dimension similar to the PS/kraft units. Serial 25 gassed

excessively, and had the gas bled off and analyzed. It is still operational.

Desi gns D 1 and D
2 were devised to eliminate corona damage at the winding

start and finish. Design L was to see how good the mineral oil impregnation

process was in an all-film capacitor, while design M examined a method of
eliminating foil edge co rona damage by using metallized films next to the
foil. L was successful. M was not , but the techniques shows promise.
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TABLE 30. HIG H DENSITY LAYER DESIGNS

Design Film Paper

A 2-Z4 ga PS 3-0.3 mil kraft
B 2-Z4 ga PS 3-O.4milElB kraft

C 2-48 ga PS 3 - 0 . 4 m i l ElB kraft

D 2-32 ga PS 3-0.4 mu E 1E kraft

E 2-50 ga PVF2 3-0. 3 mu kraft

F 2-50 ga PVF2 3-0. 4 mU F i B  kra f t

C 2-lOO ga PVFZ 3-O.4 milElB kraft

H 2- 100 ga PVF2 3-0. 3 mil kraft
I 2-32 ga PS 3-0. 3 mil kraft
J None 5-0. 3 mu kraft

K None 5-0.4 mu E1B kraft

L 2-48 ga PS None

M 2-metallized 1-0. 3 mil kraft
Z4 ga PVF2 -

:

Dl - design D with folded ends
D2 - design D with sandwiched ends.

Notes:

1) Kraft, E 1B kraft, and Polysulfone from Peter J. Schweitzer
Div, Kimberly-Clark.

2) PVFZ from Kreha Corporation of America.

3) All foil 0 .25 mil Republic Electro-Dry.
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TABLE 31. HIGH ENERGY DENSITY TESTS

Serial Desi gn V ( k V )  Rat e Burs t  Life (x lO s ) TC Corona  Comments

10 A 5 300 1/ 10 305 No No

11 A 5 300 1/ 10 209 No No

12 A 5.5 300 1/60 95 No No

13 C 8 ZOO 1/30 60 Yes No TC t rouble

14 C 8 ZOO 1/60 90 Yes No Oil leak

IS 0 Step 7 300 1/30 737 Yes Yes

l b  D 4 300 1/30 310 Yes Yes Did not fai l

17 F V V V No Yes Glass  unit

18 B Step 6 300 1/30 159 Yes Yes

19 13 6 300 1/30 54 Yes Yes Did not fail

20 6 300 1/30 100 Yes Yes Did not fail

V 21 £ 6 50 1/60 Yes Yes

22 F 5 . 5 50 1/60 50 Yes Yes

23 F 6 50 - 14 Yes Yes

24 F Step 5 50 1/60 122 Yes Yes  Did not fai l

25 C Step 9 50 1/60 81 Yes Yes Did not fail*

26 C Step 9 50 1/60 100 Yes Yes Did not fail*~

27 II Step 7 50 1/60 54 YeS Yes

28 H 7 50 1/60 240 Yes Yes Did not fail

29 I 7 300 1/60 25 Yes Yes

V 30 1 6 300 1/30 100 Yes Yes

3 1 J 6 300 - l b  Yes Yes

32 J 6 150 1/60 12 Yes Yes

33 K 6 100 1/60 60 Yes Yes

34 K Not tested

35 Dl 6 300 1/30 170 Yes Yes

36 D2 Step 7 300 1/30 180 Yes Yes

37 L Not t es ted

38 L Step 5 300 1/30 486 Yes Yes

39 M Des t royed  in
corona  test

Notes: ~V Sub sequent ly destroyed when run at 300 pp s by m i s t a k e
::V ~C as sy
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4. 7. 3. 3 E n e r g y  D e n s i t y

As these uni t s  were  tes ted in large cans des igned to be durable  and

reus able , it was not cons idered  a good measure  of e n e r g y  de n sit y to u se

f in i shed  component weig ht in the calculat ions.  There fore , for each des ign

both the “Ac t ive  E n er g y  Dens i ty ” as def ined  in equation (2)  on page 51 and

the “Pad E n e r g y  Densi t y ” as def ined  in equation (3) on the same page a re

reported.  The “Active E n e r g y  Densit y ” takes into acco u nt onl y the wei ght of

the d i e l ec t r i c  actuall y s to r ing  ene rgy ,  while the “Pad E n e r g y  D e n s i t y ” takes

into account the foi l  wei g ht. The “Pad E n e r g y  Dens i ty ” is lower , more

re a lis t ic , and sensi t ive  to changes  in the layer desi gns.

The values reported for  Aroch io r  or DOP impregnant  were obtained

b y measurements  of capacitance change on pads of the appropria te  desi gn.

No pulse tes t ing  was conducted u s ing  these  pads. These values a re  reported ,

nevertheless, to g ive an idea of the di ff ere nce between t h e res ult s obta ined

using d i f fe ren t  impregnants .

For each des ign , the voltage listed in Table 31 is used. For step

st ress  t ests , the hi ghest voltage is used.

4. 7. 4 Failure Mechanisms

The most-  commonl y- reported capacitor fa i lu re  mechanism , corona

fa i lu re  at winding wrinkles , was completel y eliminated b y the new wind ing

methods. The major i ty  of the capacitor fa i lures  from ser ia l  10 onward were

at the foil  ed ge , halfway along the wind ing  length (from star t  to f i n i s h ) ,  in the

center of one of the flat sides.  Dur in g  the development process  three  mecha-

nisms other than fa i lu re  at wr ink les  were  encountered , a nd these a re  d i s cus sed

in this section.
The f i r s t  f a i lu res  of the M ylar/kraf t  capacitors  appeared to be caused

b y foil i r regu la r i t i e s  or mate r ial defects  in the v i c in i t y  of a tab connect ion.

Components 1 and 2 were  the re fo re  tested until  a 1% r i se  in charg ing  c u r r e n t

was n ot iced , at which t ime they  were disassembled and examined. The mecha-

nism found b y this technique is i l lustrated in F igure  26. The f i g u r e  shows a

section thru  a tab te rmina t ion  made in the conventional  way. The oil in the

pocket formed b y the short flag was breaking down opposite the othe r foi l  ed ge .

This problem was cured in uni ts  from serial  7 onward b y us ing  a flag the same

width as the foil  to eliminate the oil pocket.
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TABLE 32. E N E R G Y  DENSITY

E n e r g y  Dens i ty  J/lb E n e r g y  Dens i ty  J/k g

Active Pad Act ive  Pad

Design  M A M A M A M A

A 160 187 116 135 353 412 255 297

B 131 151 100 119 290 344 220 262

C 133 150 107 121 293 331 236 266

D 146 170 113 132 321 375 249 291

E 135 163 110 133 297 359 243 294

F 95 117 80 98 209 257 176 216
G 110 129 98 115 242 284 215 253

H 86 99 75 87 189 217 166 191

I 203 232 151 173 446 511 332 380

J 204 272 147 196 449 598 323 432

K 115 153 89 118 253 336 196 261

L 211 211 137 137 464 464 302 302

M Mineral Oil Inpregnant
A Arochlor  (PCB) or Diocty l Phthalate (DOP) Impregnant

85

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4•~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



BR EAKDOWN POINT

FOILS 

_________________________ 
7

TAB

FLA G

INSULATION

Figure 26. Tab bre akdown mechanism.

in the f i r s t  P S/ k r af t  units , a cloudiness of the PS film at the foil
edges was observed upon disassembly. This cloudiness was most pronounced
in areas corresponding to the center of the flat sides of the section. Fig-
ure 27 show s this effect . The polysulfone was overheated , shrank , and
st ress-re l ieved itself throug h the formation of the tiny diamond-shaped
holes. The overheating was jud ged to be caused by conduction or corona
in the excessive amount of oil present at the centers of the flat sides near
the foil ed ge. An improved clamping f ixture was devised to more perfectl y
dup licate conditions in a real capacitor , and this effect disappeared.

Capacitors from serial 10 onward failed principally f rom uniform
corona along the edges of the f o i l .  Thi s effect is shown in Figure 28.
The burns occur only in the paper , not in the film. Eventual failure occurs
at the weakest point . A comp lete analysis has been comp leted on thi s
problem, with the results appearing in papers 3 and 5 cited on page 2.
More work will be done on thi s program in this area.
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Figure  27.  Poly sul fone  ed ge damage .
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5.0 THERMA L ANALYSES

Presented in this section is the summary report of the thermal
analyses on single sections. The specialized computer program employed has
been retained for  any future use.

5.1 SUMMARY

The thermal analysis of the Capacitors for Aircraf t  High Powe r

initially involved a parametric study of sixteen pot ential capacitors. The

dielectrics (polysulfone and kapton) eac h were considered with two cross
sections, two cores , and two types of electrical contacts . The capacitors

were assumed to be installed in pairs in an oil-filled case with a beryllium
oxide plate across the top and bottom of the two capacitors. One additional

configuration (without the top and bottom p late) was evaluated. The original
sixteen capacitors were evaluated for one minute operating time and two

hours cooldown.

Result s indicated the variations in temperature rises for the eight
configurations of each dielectric typ e capacitor was sufficiently small to

recommend selection of any one of the eight for production. Since these
first sixteen runs maintained a fixed capacitor case temperature, it was
decided to reevaluate with the capacitor case free to seek its own temperature

rise with the surrounding ambient at a fixed temperature . The reevaluation
involved only four configurations of polysulfone capacitors and one kapton.
Result s of these runs also indicated any configuration of each dielectric was

as good as the rest. Result s also showed that the kapton capacitors would
be considerably hotter than the polysulfone capacitors . The hot spot rises
after one minute with powe r on would be about 135 and 68°F, respectively.
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Results are included in this report for twelve hours of operation of

polysulfone , circular , hollow core (oil-filled), with end tabs for electr ical
contact type capacitors. This was evaluated for one minute on and both

one- and two-hour cooldown. The two-hour cooldowri produced about a

30°F cooler capacitor.

The polysulfone capacitor that was analyzed without the top and bottom

beryllium, oxide plates was hotter than its counterpart. The difference was

only about 7 to 8°F and it will have to be considered feasible with that in

mind.

5.2 INTRODUCTION

This thermal analysis involved a parametric study of potential Capa-

citorp fo r Aircraf t  High Power. The parameters investigated included the

following:

• Dielectrics - Polysulfone vs kapton

• Cross Sections - Circular vs rectangular

• Cores - Hollow vs be ryllium oxide

• Contacts - Extended foil vs end tabs.

The above combinations produced 16 distinct capacitors , each of which

was represented by a nodal model. Table 33 presents the number of nodes

and connectors for all 16 nodal models as well as the Run Number related

to the computer solution. Figures 29 and 30 show schematics of all poly-
sulfone and kapton dielectrics, respectively. These figures dep ict how the
nodes were generated as well as the basic capacitor dimensions.

Table 34 is a list of the physical constants used for each material

involved in the thermal analysis.

Subsequent to performing the first 16 runs, some of the models were

modified. The modifications included adding an ambient air node (in lieu

of holding the case at a constant temperature) and adding a separate node

for the oil inside the core of the hollow core capacitors. This was done

only for five models , which were then designated 1B , ZB , 3A , 4A , and 9B.
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TABLE 33. CAPACITOR CONFIGURATION, NODES,
AND CONNECTORS

C ross
Dielectric Section C ore Contacts

Run No. P K C R H S T E Nodes Comments

1 x x x x 220 467
2 x x x x 220 467
3 x x x 2 2 1 469
4 x x x x 221 469
5 x x x x 130 282

6 x x x x 130 282
7 x x x x 131 284
8 x x x x 131 284
9 x x x x 202 430

10 x x x x 202 430

11 x x x x 203 432
12 x x x 203 432

13 x x x 112 245

14 x x x 112 245

15 x x x x 113 247
16 x x x x 113 247

Tot. Length Watts

f P = Polysulfone
Dielectric Kapton 538” 201.9

324” 314.7
(C = Ci rcularCross Section
IR Rectangular

Core Hollow (just oil)

LS Solid (B 0)e

Contacts 1T Tabs (at ends)
= Extended foil (top and bottom)
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TABLE 34. PHYSICAL CONSTANTS

Thermal Heat
Density Conductivity Capacity

Material lbs/ft3 BTU/Hr ft°F BTU/lb°F

Aluminum 170 100 0. 23

Polysulfone 77.4 0.155 0. 31

Kraf t  Paper/Oil 84.7 0.073 0 .35

Kapton 88.7 0. 094 0.26

Oil (Mineral)  55.5 0. 073 0. 41

Bery llium Oxide 96.5 115 0. 30

Combinations:

Type I
Polys ulfone - 6 at Thru * 0. 128
0. 00038” Type I

Kr af t  Paper/Oil - ~ 89 8 0 32at 0. 00030”
Aluminum Foil - 2 Along * 12.67
at 0. 00025” Type I

Type II
Kapton - 6 at Thru * 0. 093
0. 00050” Type II

Kraft  Paper/Oil - ~ 94 0 0 29at 0. 00050”
Aluminum Foil - 2 Along * 9. 12
at 0. 0002511 Type II

4Since each layer of the capacitors is made up of 6 layers of film
dielectric , 4 Kraft paper with oil, and 2 aluminum foil, the thermal
conductivity is different when heat is going from inside to outside
(or vice versa) than when going along the length or height of the
capacitor (see Figure 1 for order of individual layers).
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Following this change , the investigation was extended to evaluat e two
additional operational cycles of model 1B:

• 1 minute on - 2 hours off - 12 hours total (Run 1C)

• 1 minute on - 1 hour off - 12 hours total (Run lD)

The last run (1E) was to evaluate removal of the beryllium oxide top and
bottom plates . Model 1C was modified according ly and the operational cycle
evaluated was 1 minute on, 2 hours off , and 4 hours total.

5.3 RESULTS

The first series of sixteer runs were based on the models shown in

Figures 29 and 30 and Table 33. The operation consisted of one minute
on and two hours cooldown. In addition, these models were based on main-

taining the capacitor case at a constant temperature and combined all the

oil in the capacitor as one node. Result s are shown in Table 35. It is

readily seen that there was relatively little differences between the hot spot
temperature rises in the various configurations (cross sections, cores , and

contacts) othe r than between the two dielectrics . The eight polysulfone

capacitors only varied ± 1.9 °F from the average hot spot temperature rise.
Similarly, the eight kapton capacitors varied ±2 . 7°F at the end of the one
minute power on operation.

Based on these result s, it was fe lt there was a need to permit the
capacitor case to seek its own temperature level. This was accomp lished

by adding a node to represent  a fixed ambient temperature to surround the

case. For the capacitors without a solid bery llium oxide core , another node
was established for the core oil to keep it separate f rom the case oil.
Models lB . ZB , and 9B had both modific ations while 3A and 4A (with solid
cores)  only had the modification to the case. Result s of these five runs
are shown in Table 36. Again , the variations due to cross section , core ,
and contacts were so slight that all further investig ations was made on
Model 1 - polysulfone, circular , hollow core (just oil), and tabs at the ends
of the aluminum foil for electrical contact.
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TABLE 35. CAPACITOR HOTSPOT TEMPERATURES - FIRST 16 CASES

Temperature, °F
Time ,

Run* M m —  1.0 1.25 10 60 120

1 69.4 69.4 2 .3  3E-5 5E- 11
2 69. 3 69. 3 2. 3 ZE-5 5 E - ll

3 69. 3 69.3  2. 1 3E-5 7E-1l

4 69. 3 69. 3 2.0 3E-5 7 E- l l

5 67.8 67. R 2 .9  9E-5 4 E -l0

6 67.7 67.7 2.8 9E-5 4E-l0

7 66 .2  66.2  2 . 2  1E-4 IE-9

8 66.6 66.6 2.1 1E-4 9E-10

9 138.4 138.6 14. 0 0. 14 1E-3

10 138. 3 137.3 13.5 0. 14 lE-3

11 138.2 137.8 12.6 0. 14 2E-3

12 138. 1 136.9 12.6 0. 14 2E-5

13 133.3 129. 0 8.0 0. 02 3E-5

14 133.2 129. 0 8.0 0. 02 3E-5

15 133.2 128.9 8.0 0.02 3E-5

16 133.2 128. ~ 8. 1 0. 02 3E-5

*See Table 6-1 for configuration
Notes:

1. The ~ runs based on case 0°F

2. Powe ” n 1 minute only

3. Cooldown - 2 hours
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TABLE 36. TEM PERATURE RISES FOR MODIFIED
NODA L MODELS

A - 1 Hour Operation

Time,
Minutes Run lB 2B 3A 4A 9B

1.0 70. 3 70. 2 70.2 70. 1 138.6
1. 2 69. 8 69.6 69. 2 69.4  140. 1
10 30.0 29.9 29 .7  29 .6  63.5
60 18.5 18.4 18. 3 18. 3 44.0

B - Multiple Hour Operation
Time,

• Minutes Hours Run 1C 1D 1E

1.0 70. 3 70. 3 72.4
60 1 18. 5 18. 5 23 .0
61 -- 88.6 --

120 2 11.1 29.6  14 .4
121 81. 3 99.6 86.8
180 3 25. 2 36.4 32. 1
181 -- 106.4 --
240 4 15.2 40.4 20. 1
241 85.4 110.4
300 5 27.6  42.9
301 -- 112.8
360 6 16.7 44. 3
361 86.8 114. 3
420 7 28.5 45.2
421 -- 115.0
480 8 17.2 45.6
481 87.4 115.5
540 9 28.8 46.0
541 -— 115.9
600 10 17.3 46. 2
601 87.9 116. 1
660 11 28.9 46.3
661 -- 116.3
720 12 17.4 46. 3

Notes:
1. Temperatures = °F
2. 1-hou r operation has I mm power
3. Runs 1C and 1E have 1 m m  on/2 hours off
4. Run 1D has 1 mm on/l hour off
5. Letter afte r run number , ambient 0°C. Case seeks its own

temp.
6. Letter B, C, D indicates oil in core separate from oil in case
7. Run JE assumes no beryllium oxide top and bottom plates
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For comparison of the original and final temperatures, Figure 31

presents graphic results of runs 1 and lB hot spot temperature rises. Also

shown is the temperature rise/time profile of the capacitor case for run lB.

• The capacitor case in run lB reaches its peak temperature rise considerably

below the polysulfone hot spot (36. 5 vs 70. 3°F) and both temperatures begin

to converge (within 1°F) in less than 20 minutes of cooldowri.

Figure 32 depicts the same comparisions for the kapton, circular ,
hollow, tabbed capacitor. Run 9B hot spot peaked at 140. 1°F (0. 2 minutes

I I 

-

-

POLYSUL FONE 2W .9 WATTS
40 CIRCULAR . HOLLOW -

0.2510 — 1.667 00

~

-

~ : t  ‘~‘u.. RUN lB
HOT SPOT 

20 

RUP41B
CASE 

-

0
0 

\~~~~~

,
7

~~~~~~~~oT 

3 66

TIME. MINUTES

Figure 31. Capacitor study (Both Runs, 1 minute on 1 hour off).

100

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
______



r ~~~
—

~--- • • •---•-• • • • • • •- - • • • • _ . .__-.,——------——
~~~~~

--
~~

—-—--—-
~~~~

------ .
~~~~~~~~~~~~~~~~~~~~~~ ———.~ —-~~-~•.- -~~~~~~~~

140 I

KAPTON 314.7 WATTS
• I CIRCULAR . HOLLOW CORE
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•.. 

40~~ ~ 
—

RUN 98 CASE

20 \ -

RUN 9
/HOT S’OT

(CASE . 0°F)

I — r—
0 10 20 30 40 50 60

TIME , MINUTES

Figure 32. Capacitor study (1 minute on - 1 hour off).

after power operation) while the case peaked at 73. 6°F (2. 0 minutes after

power). Convergence (within 1°F) occurred in about 25 minutes of cooldown.

Runs lC and lD used the same model as run lB with the operation

cycles changed. Run lC ran 12 hours with 1 minute on , 2 hours cooldown.

Run 1D was run for  12 hours with 1 minute on but only 1 hour cooldown.

The hot spot temperature rises are plotted in Figures 33 and 34,

respectively. In addition , the last four hours were plotted together in

Figure 35. These results show a cooler peak hot spot temperature rise

for run 1C by nearly 30°F (87.8°F vs 116. 2°F) and a similarly coole r final

cooldown temperature (17. 8°F vs 46. 6°F).
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Figure 33. Capacitor study (1 minute on - 2 hours off).
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Figure 34. Capacitor study (1 minute on - 1 hour off).
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Figure 35. Capacitor study (last four hours).

The final configuration tested (run 1E) was the same as run 1C
except it was modified to eliminate the top and bottom beryllium oxide plates

and only two 2-hour cycles were run. The hot spot temperature rise after

the second on cycle was 86. 8°F and 20. 1°F after the second cooldown. This

is shown in Figure 36. Figure 37 present s the comparative plots of runs
1C and 1E. Also shown in Figure 9 are the loci of minimum and maximum

te mperature rises for run lC. By extrapolating parallel loci for run IE ,

the final temperature rises appear to be 96°F and 24°F, respectively.
Thus, run lE is about 7 to 8 F hotte r than run IC.

5.4 CONCLUSIONS

Based on the result s of thi s thermal analysis the following conclusions
appear valid:

1. Any configuration evaluated is thermally as good as the
others of the same dielectric.
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201.9 WATTS
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0.2510 — 1.867 00
NO 8.0 TOP/BOTTOM PLATE

~~~~~~~

TIME . HOURS

Figure 36. Capacitor study (1 minute on - 2 hours of f ) .

2. Kapton capacitors will operat e about 70°F hotter than
polysulfone.

3. Two-hour vs one-hour cooldown will result in about 25°F
cooler operation after four hours.

4. Omitting the beryllium oxide top and bottom plate s
inc reases the capacitor temperature rise by about
8°F.

5.5 EXPERIMENTAL

The thermocouples inserted within the sections of units 13 forward

produced results which agreed well with thi s calculated data. The one

experimental fact which the calculations did not reveal is that the tempera-

ture rise during a burst will grow quickly in the last few bursts  before

failure. This indicates a dissipative mechanism, possibly corona degradation

at foil edges.
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Figure 37. Capacito r study (1 minute on, 2 hours off with and
without beryllium oxide top and bottom plates .
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6 . 0  CONC LUSIONS

When this program f i r s t  began , high energy density pulse-discharge

capacitors were designed and manufa ctu red with much “black art” , and had

short live s at low electric stress and benign duty. In one lot of such corn-

ponents , each of the following fai lure mechanisms was found:

• Winding machine set-up • Low resist ivi ty oil

• Paper and foil wander . Wate r in oil

• Fold-overs • Gas in oil

• Wrinkles • Incomplete impregnation

• Windin g starts • Poor dry ing

• Foil and paper breakage • Tab failure

• Foreign material • Bulk insulation failure

• Solder connections • Corona at foil edges

By making the components in a very carefully designed and controlled way,

all of these mechanisms related to the manufacturing process have been

eliminated . In the process , the achievable energy density has been improved ,
reliability greatly increased, and un it-to-unit variabili ty within a lot

reduced .
Electrical tests were conducted unde r carefully controlled conditions

which are specified in detail in this report . The electrical tests are

repeatable, and they closely duplicate actual PFN ope rating conditions.
Thus, considerable confidence can be placed in the test data .

The pad energy densities achieved for both the high and the low
repetition rate case are far above those previously reported for these

repetition rates and duties.
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APPENDIX A

STATEMENT OF WORK

CAPACITORS FOR AIRCRAFT HIGH POWER

1.0  INTRODUCTION

The objective of this program is to develop capacitor technology
in two performance reg imes. One regime is character ized by small
capacitors operating at several hundred pulses per second (Hi Rep)  and
15 kilovolts. The othe r reg ime is characterized by much larger  capacitors
operating at several  tens of pulses per second (Lo Rep) and 40 kilovolts .
The performance reg ime s are  suff icient ly dif ferent  that it is unlike ly the
same die lect r ic  system will satisf y both regimes.  Although the die lect r ic
systems may be different , design philosophy and techniques , and manufa c-
tur ing method s are expected to be common to the capacitors of both regimes.
Eventual use of both capacitors is likely to be in pulse forming networks
(PFN ) so that the capacitors may have to operate in a square pulse mode.

2 . 0  SCOPE

The contractor shall provide all materials, services, and equi pment
for the comp letion of this program. During the f i r s t  portion of the pro-
gram, the contractor will select the die lect r ic  systems and c onduct pad
tests to establish a f i rm base for achieving the required capacitor perform-

ance. As part of the pad development ef for t , the c ontractor will dete rmine
the feasibil i ty,  desirabil i ty,  and advantages of winding capacitor pads which
c ontain no kinks or wrinkles.  Upon completion of the pad tests , the con-
tractor will desi gn, fabricate, and test both Hi Rep and Lo Rep capacitors
to demonstrate the required performance. An outline of the program tasks
is given below :
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Dielectric Systems Selection

Pad Design
Wrinkle Free Capacitor Pads

Capacitor Designs

Capacitor Fabrication and Test

Heat Sink/Cooling Tradeoff Investigation

PFN Ope rating Envi r onment

Reliability and Maintainability Analysis

Pulse Forming Networks

PFN Switch and Load

3 .0  GENERAL BACKGROUND

During the past seve ral years , pulsed hi gh powe r requirements have

grown to the point where electrical  component and systems manufacturers

believe the market potential is suff icient ly large for them to enter the field .

In the case of repetitively pulsed energy storage capacitors , programs

funded by the Government have provided the impetus for much needed

developments. The result is that the technology is available for energy

storage capacitors with energy densities of 50-70 joules / lb  at seve ral

hundred pulses per second or 200-250 jou les / lb  at a few pulses per second.

Developments in the areas of d ie lec t r ic  f ilms and impregnants , design and

fabrication techniques and method s, and unders tanding of f a i lu re  mechan-

isms indicate that increases  of three of four  in energy density may be

attainable. This program is to develop capacitor s which operate at several

hundred pulses per second with an energy density of ZOO jou les / Ib  and

capacitors which operate at several tens of pulses per second with an energy

density of 500 jo ule s fib .

4 .0  TECHNICAL REQUIREMENTS/TASKS

The c ontractor shall develop capacitor technology for capacitors

operating in two different  performance regimes. One regime is character-

ized by a relatively small capacitor ope rating at 15 kilovolts and seve ral

hundreds of pulses per second . The other regime is character ized by a
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much large r capacitor operating at 40 ki lovolts  and several tens of pulses

per second . Throughout this program, the contractor must be aware that

this  effort  is to advance capacitive energy storage for eventual use on

a i r c r a f t . The success of this program must not be achieved with concepts

which are infeasible for a i rborne use. This is an exp loratory development

program of which a Large portion is experime nta l in nature. Consequent ly,

accurate  and reliab le measurements  are necessary  to the program success.

To ensure that measurements  made during the program are accurate and

reliable , ca l ibra t ions  of all measuring equi pment shall be traceable to

standards set by the Nat ional  Bureau of Standards , and a cer t i f ica te  to this

effect  shall accompany test data. The cert if icate shall also include the

manufacturer, model number , and ser ial  number of the equipment used.

4. 1 Die lec t r ic  System Se lection

The c ontractor shall conduct analyses and experiments to select

the d ie lec t r ic  f i lms and impregnant materials which offe r the highest pro-

bability of achieving the performance given for the two capacitors in

pa ragraph 4. 4. The d ie lec t r i c  system for the two capacitors specified in

paragraph 4. 4 may not be the same . The contractor  shall not construe that

t h e  G overnment is des i rous  os using the same d ie lec t ric  system for both

capacitors. Material  costs shall  not be a pr imary factor  in the d ie l ec t r i c

system selection. The ease or di f f icul ty  of winding wrinkle free pad s shall

not be a fac tor  in the d ie lec t r ic  f i lm selections. Performance as given in

paragraph 4. 4 is b y far the most important consideration. The contractor

shall  not reject  or eliminate an a t t rac t ive  d ie lec t r ic  f i lm or impregnant

for cost reasons without wr i t ten  approval f rom the AFAPL project  engineer

through the Procuring Contracting Off icer .

4. 2 Pad Design

The contractor shall design a pad for each capacitor specified in

paragraph 4 .4  using the d ie lec t r i c  systems selected in paragraph 4 .1 .

Maximizing performance is the most important factor in the pad des ig ns.

For desi gn purposes , the contractor shall assume he can make wrinkle
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free pads. Problems associated with acquiring wrinkle 
free pads shall not

be dominant fac tors  in the design. Wrinkle free construction is a means

to help achieve the required performance and is not to 
be considered an end

in itself. Normal economies such as using available or standard material
,

availab le winding mandrels, winding machines already set up in a 
specific

way, standard or previously designed containers or 
bushings, etc. shall be

included in the design only if performance is in no way reduced.

4. 3 Wrinkle Free Capacitor Pads

Capacitor pads are usually wound on a motor driven winding 
machine

which rIms at a rather rapid rate. The rapid winding rate is necessary for

high production and low unit cost. Materials which must be wound for

energy storage capacitor pads are very thin plastic films, pape
r, and

aluminum foil .  Rap idl y winding such th in mater ials  resul ts  in unavoidable

kinks and wrinkles in the wound pads. When the pads are 
incorporated into

capacitors and charged to the operating voltage, the kinks and 
wrinkles

become the sites of very high electric fields and can lead to 
failure. The

r~ sult is that when a number of such capacitors are tes t ed to establis h the

performance rating, failures induced by kinks and wrinkles can 
significantly

reduce the performance rating which might have been established 
had there

been no kinks or wrinkles. Typically, capacitor pads are 
wound round then

flattened to increase the packing factor. The flattening process can also

produce kinks and wr inkles .  A completed capacitor consists of one or more

pad s in a container. To maintain a high pa cking factor, the pads are often

subjected to considerable pressure  as they are encased.  Hydraul ic  and

pneumatic presses  are frequent l y used to put pads in the case. This press-

ing ope ration is anothe r possible source of kinks and wrinkles  in the

capacitor pads.

4. 3. 1 The fabrication of capacitor pads containing no kinks or 
wrinkles

is the major manufacturing thrust of the pr ogram to achieve the required

performance. Wrinkle free character is t ics  in themselves are of l i tt le

interest  but significant performance gains are expected in the absence of
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kinks  and wr ink les .  The contractor  shall establ ish the technicues , pro-

ce du res , processes , etc. necessary to fabricate capacitor pads containing

no kinks or wrinkles. Unit fabrication costs shall not be a pr imary  fac tor

in establishing the fabrication techniques, procedures , processes, etc.

4. 3. 2 The contractor shall fabricate a sufficient number of wrinkle

free pads to demonstrate a capacitor mean life of a least 106 shots at the

performance specified for the two capacitors in paragraph 4. 4. The pad s

shall be fabricated in accordance with the designs gene rated under para-

graph 4. 2 and with the fabrication techniques, procedures, processes, etc.

established under paragraph 4.3. 1. These pad s shall not be flattened and

shall not be pressed into the case. The contractor shall do everything

possible to ensure that these capacitor pads contain no kinks or wrinkles .

4. 3. 3 The contractor shall test the capacitor pads fabricated under

paragraph 4.3.2 and demonstrate a capacitor mean life of 10
6 shots at the

performance  specified for  the two capacitors in paragraph 4. 4. Each pad
which fails shall be subjected to a fai lure analysis .  The fa i lure  analysis

shall include complete disassembly of the pad and determinat ion and

documentat ion of the location, nature , probable cause , and suggested remed y

of the fa i lu re .  Any pads which are tested but do not fail  shall be disassem-

bled and inspected to dete rmine if , in fact , they contained no kinks or

wr ink les .

4 .4  Capaci tor  Desi gns

Based upon the d i e l ec t r i c  systems selected under paragraph 4. 1

and the results  of the work under paragraph 4. 2 and 4. 3 , the contractor

shall  design two capacitors. A capacitor shall be desi gned for each of the

two operating reg ime s given below :
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Hi Rep Lo Rep

Ene rgy Density
Joules/Ib Z OO 500
Jouies/in3 3 10

Voltage 15 ki lovolts  40 kilovolts

Pulse Width 20 ~sec 20 j.sec

Pulse Energy 500 joules 2. 5 kilojoules

Pulse Rate 300 pulses/ sec 50 pul ses /se c
Pulse Train Length 2x l0 4 pulses 3x10 3 pulses

Time Between Pulse Trains 2 hours 2 hours

Life (number of pulses) io 6 106

% Voltage Reversa l  20% 20%

Inductance 20 nh 20 nh
Shelf Life 1 Yr 1 Yr

o 0Ambtent Temperature 160 F 160 F

4. 4. 1 The contractor shall provide an estimate of both the Hi Rep and

Lo Rep capacitors under the assumption that wrinkle free pads are not

available. This is to allow a c omparison to be made of capacitors contain-

ing wrinkle  free pad s with capacitors containing standard production pads.

The estimates shall include energy density, volume, and life with the other

performance parameters given in paragraph 4. 4. The estimates shall be

based on the contractor ’s previ ous experience. Detailed designs , hardware

fabricat ion, or experiments shall not be d one to make the estimates. U pon

completion of this task, the Contractor shall give an oral presentation

cove ring all e f for t  to date. (See pa ragraph 5. 1 . 2 . )

4. 5 Capacitor Fabricat ion and Test

The contractor  shall fabricate  wrinkle  free capacitors in accordance

with the two designs  completed under pa ragraph 4. 4. The capaci tors  shall

be fabricated to maximize perfor mance. These wrinkle  f ree  capacitors

shall be fabricated with the fabr icat ion techniques , procedures , processes ,

etc. established under paragraph 4. 3. 2 . Fabr ica t ion  economies may be

pursued onl y if performance is in no way c ompromised or reduced.  The
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number of capacitors fabricated and tested shall be sufficient to demon-

strate a mean life of at least 10 6 shots at the performance specified for the

two capacitors in paragraph 4. 4. Each capacitor which fails shaLl be sub-

jected to a fai lure anal ysis .  The fai lure anal ysis shall include complete

disassembly of the capacitor and determination of the location, probable

cause , and suggested remed y of the fa i lu re .

4. 6 Special Measurements

4. 6. 1 Temperature and Voltage Measurements - Throughout the

testing portions of this program the contractor shall make accurate temper-

a ture  and voltage measurements. Temperature measurements of interest

are bulk temperatures for the purpose of accurately establishing the temper-

ature rate of rise for capacitors during operation. Wheneve r feasible the

contractor shall measure bulk temperature when both pad s and capacitors

are  tested . Voltage measurements made on pads and capacitors shall be

within an accuracy of 0. 50%. This requirement is necessary since a

number of performance parameters are strong functions of voltage and

relative ly small e r ro r  in voltage can produce a relatively large e r ro r  in the

parameter.

4. 6. 2 Pulse Shape Analysis - During tests of both pads and complete

capacitors , the contractor shall include the instrumentation necessary to

record and analyze the output pulse shapes. The contractor shall use the

result ing information to e stablish the electr ical  parameters of the pad s and

capacitors , evaluate the fabrication techniques and materials , and deter-

mine if thi s information can be used to predict  incipient fa i lures .

4. 7 Heat Sink/Cooling Tradeoff Investigation

The c ontractor shall conduct an investigation to determine from

wright , volume, and performance considerat ions when it is advantageous to

act ivel y cool capacitors and when it is advantageous to let the capacitor

absorb the heat generated , i. e. , heat sink. The tradeoff between cooling

and heat sinking shall be made as a function of materials, d iss i pation factor ,

115

.k ~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~ ~~~~~ ~~~~~~ 
V



repet i t ion  rate , ave rage powe r , running  t ime , ambient t empera tu re, energy

stored , geometry,  etc .  Act ive  cooling investigations shall include such

approache s as fo rces  a i r  cooling, forced l iquid cooling both in te rna l  and

externa l to the capacitor case, conductive heat paths , heat pipes , etc. The

results of this investigation shall establish when it is advantageous to use

active cooling as c ompared to heat s inking.

4. 8 PFN Operating Environment

The contractor  shall es tabl ish  the condi t ions  to which a capaci tor

is subjected when it is used as a c omponent in a pulse forming  network

(PFN). Althoug h this program is to develop capacitors , the eventual

applications are expected to be in PFN’ s. Consequent ly, it is necessa ry  to

establish the PFN environment  and ensure  that the capacitors  wi l l  surv ive

in the environment.  The contractor  shall anal y t ica l l y and /or  experimentally
e stablishthe conditions under which each capacitor  of a six section PFN

must function. Based on these f indings , the c ontractor  shall generate a

test p lan for capacitor tests which will  demonstrate  that the capacitors wi l l

survive operation a~ PFN components. The test plan shall include a des-

cri ption of the equi pment necessary  to comp lete the test p lan. Ten (10)

days approval time required by AFAPL.

4. 9 Reliability and Maintainability Analysis

The contractor shall perform a reliability and maintainabil i ty

ana lysis on the capacitors and shall include in the f inal  report a qual i ta t ive

anal ysis  and numerical  prediction of the potential re l iabi l i ty  and maintain-
ability. Data to be analyzed shalt  be limited to that deve l oped as a resu l t

of the development and test ing othe rwise required and data othe rwise

available. Addit ional  or dup licative research or tes t ing for  the sake of

making the predictions will not be undertaken. The level of effor t  contem-

p lated for  R&M ana lysis is not to exceed 40 manhours.
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4. 10 PuLse Forming Networks  (PFN)

The contractor shall fabricate , checkout , and delive r two (2 )  type

E PFN ’s. One PFN shall incorporate capacitors identical to the Hi Rep

capacitors and the othe r PFN shall incorporate capacitors identical to the

Lo Rep capacitors as specified in paragraph 4.4. Since the PFN ’s are

based on the successful development of the Hi Rep and Lo Rep capacitors ,

the Government  must be sure that the required capacitors have been

developed. Therefore , the contractor  shall not ini t ia te  any effor t  or expe nd

any funds on this task until he receives written authority from the Procuring

Contracting Officer (PCO) . U pon receipt of wri t ten authority, the contractor

shall fabricate  two (2) PFN’ s with the following characterist ics:

Hi Rep PFN Lo Rep PFN

Ene r gy Storage/PFN , Kilojoules 3 15

Number of L-C section s 6 6

PFN voltage , kilovolts 15 40

PFN total capacitance , rnicrofarads 26. 667 18. 750

PFN total inductance, microhenries 3. 750 5. 333

Current  d ischarge/PFN, kiloamps 20. 0 37. 50

Current  fault /PFN , kiloainps 40. 0 75. 0

Pulse shape rectangular rectangular

Pulse width (90% to 90% amplitude) 20 ~ sec 20 ~ sec

Rise time (10% to 90± amplitude) 2 ~ sec 2 ~ sec

Fall time (90% to 10% amplitude) 4 ~ sec 4 ~ sec

Pulse repetition rate , pulses /sec  300 50

4. 10. 1 The contractor shall checkout the two (2) PFN ’s to ensure prope r

operation. To prevent requirements for large power supplies , the contrac-

tor shall limit the PFN checkouts to sing le shot ope ration.
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APPENDIX C
OPERATIN G INSTRUCTIONS
OIL IMPREGNATION SYSTEM

1. Dielectric f luids use to fil l  capacitors and other oil impregnated
units shall be delivered to the site in the origina l shi pping containers
or in five gallon stainless steel safety cans.

2 . Transfe r f luid to the side loader of the Red Point as follows.
(See drawing)

2. 1 Obtain a pre-cleaned , 5 gallon , s tainless steel pressure vessel
(Millipore XX67-000-55 or equivalent) from the Cleaning Lab.

2. 2 Pour fluid from orig inal containe r or safety can into the pressure
vessel. Use a large stainless steel funne l to minimize spillage.
Secure the c ove r on the vessel  and open the vent va lve.

2. 3 Disconnect flex line (A) at T-f i t t ing (B) ,  and connect flex line to the
outlet fitting or the pressure vessel .

2. 4 Close the vacuum valve on the main chamber.

2 . 5  Close fluid valves 1, 2 , 3, and 4, and the bleed and backfi l l  valves.

2. 6 Open the vacuum valve on the side loader.

2. 7 Turn on the vacuum pump switch on the console.

2. 8 Turn on the lamp switch. Adjust  lamp (C)  over the rear viewing
port to i l luminate the inter ior  of the side loader when viewed through
the front viewing port.

2. 9 Crack valve ( I )  slowly to let f lu id  flow into the side loader. Adjus t
the flow rate to minimize  sp lashing and foaming. Fill the inne r can
to approximately fou r (4) inches f rom the top.

2. 10 Close valve (1).

2. 11 Turn off the vacuum pump.
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2. 12 Open the bleed valve to vent the side loader.

2.13 Disconnect flex line (A) from the pressure vessel and reconnect the
flex line to T—fi t t ing  (B).

3. Fil ter  the fluid to remove particle contamination as follow s.

3. 1 Read the Operating Instructions for the Model SAl-A Sandpiper Pump.

3.2 Open valves (1) and (2).

3. 3 Open the air supp ly valve on the wall.

3. 4 Adjust the air pressure re gulator on the pump to 40 PSIG.

3. 5 Adjust the air inlet metering valve to give a pump cycling rate of
approximately 60 cycles per minute.

3. 6 Pump fluid through the fi l ter for five (5) hours.

3. 7 Obtain pre-c [eaned 500 ml bottles from the Bld g. 20 Cleaning Lab.

3. 8 Open sampling valve (4) slowly and drain off approximately 500 ml
of fluid into a waste can.

3. 9 Collect a sample in a pre .- c leaned bottle , fi l l  in the label , and
delive r the sample to the Cleaning Lab for ana lysis. Continue
fil tering the fluid while awaiting results of the analysis. This
ana lysis shall inc lude the following tests.

Test Requirement
Maximum

Size Range No. per 100 ml

Particle Count 10-25 ~i 500
25-50 300
50-100 50

100 15
Fibers 10

Volume Resis t ivi ty  (ohm-cm) Report

Dielectr ic  Breakd own (Volts/mi l )  Report

Water Cont ent , (PPM) Report

Fi l te r ing  shall be discontinued when a sample meets the above
particle count requirement.
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3. 10 Close the air supply valve on the wall.

3.11 Close valves (1) and (2). This batch of fluid is now read y for the
degassing operation.

4. Dry and degas the capacitors as follows.

4. 1 Install the capac i tor (s )  in the main chamber along with one pre-
cleaned, wide mouth sample bottle.

4. 2 Attach a thermocoup le to one capacitor on an outside surface fac ing
the center of the main chamber.

4 .3  Attach feedthroug h wires  to this capac itor for  external monitoring
of changes in diss ipation factor  dur ing  the dry ing operation.

4. 4 Secure the dome lid on the main chamber.

4. 5 Open the vacuum valve to the main chamber.

4. 6 Close the vacuum valve to the side loader and close ~he bleed and
backfill  valves.

4. 7 Turn on the r e f r ige ra to r  c ompressor and the vacuum pump.

4. 8 Turn on the main chamber heater and set the temperature
- controller at 225 °F.

4. 9 Monitor the pressure in the chamber , the chamber wall tempera ture,
and the capacitor can temperature .  Read Section 5 below.

4. 10 Adjust the temperature controller to maintain the capacitor can
temperature at 210 ±50F.

4. 11 Continue the evacuation and heating cycle for approximately 48 hours
or until the dissipation factor on the test capacitor (See 4. 3) has
reached a stable, minimum value.

5. Dry and degas the fluid as follows. This operation should be
initiated approximately 24 hours after the capacitor can temperature
(See 4 .10 )  has stabilized at 2 10 ±SU F.

5. 1 Close the vacuum valve on the main chamber.

5. 2 Open the vacuum valve on the side loader VERY SLOWLY. This
is a two man operation to minimize foaming. The f i r s t  man should
observe the fluid through the front viewing port. The second man
should control the pressure by adjusting the vacuum valve and/or
the side loader bleed valve to keep the fluid from foaming out of
the inner can. Gros s foaming will  cease in approximatel y fi fteen
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m inutes. As foaming ceases , close the bleed valve and open the

vacuum valve slow ly to the ful l  open position .

5. 3 Turn on the side loader heater and adjust  the temperature cont r oller

to 225°F .

5. 4 Monitor the pressure in the side loader, the chamber wall tempe r-

ature , and the inner can fluid temperature.

5.5 When the inner can fluid temperature  reache s 2 10°F , adjust  the

controlle r to maintain the fluid temperature at 210 ±5°F. Elapsed

time to reach 2 10°F is ten to twelve hours.

5. 6 When the pressure in the side loader is reduced to 
500 microns,

close the vacuum valve on the side loader and open the vacuum

valve on the main chamber.

5. 7 When the pressurein the main chamber is reduced to 
500 microns,

open the vacuum valve on the side loader. Both the side loader and

the main chamber are now being evacuated and heated simultaneousl y.

5. 8 Continue to monitor the dissipation factor  on the test capacitor , and

the pressures and temperatures in both chambers. The elapsed

time for this step should be five hours minimum, however , there

is no direct method to measure residual dissolved gas or residua
l

water in the fluid. Therefore , the cognizant Program Manager or

his designated representative will make the final decision on 
when to

terminate the degassing operation.

6. Impregnate the capacitors as follows.

6. 1 Rotate the platform in the main chambe r to position a capacitor under

the fluid t ransfer  line.

6. a Crack valve (3) VERY SLOWLY to allow fluid to flow from the side

loader into the ci~~ citor at a very slow, almost drop-wise , rate.

When this capacitor is completely filled , proceed to fill the remain-

ing units in the same manner.

6. 3 Fill the sample bottle in the game manner. Bottle must be filled to

within 1/4 inch of the top.

6. 4 Close the vacuum valve on the side loader. Shut off the side loader
heater.

6. 5 Close the vacuum valve on the main chamber.

6. 6 Shut off the refr igerator  compressor and the vacuum pump.
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6. 7 Backfill the main chamber with dry gaseous nitrogen by connecting
the gas bottle to the backfill  port , setting the regulator to 15-30
psig, and opening the backfill valve . The nitrogen shall be per
MIL-P-27401B , Type I, or per BB-N411b, Type I, Class I, Grade A
or B.

6. 8 When the pressure in the main chamber reaches one atmosphere,
shut off the nitrogen and open the cover.

6. 9 Immediately replace the my lar seal and the cap on the sample
bottle and remove same from the chamber. Fill in the level and
forward sample to the Cleaning Lab for analysis.

6. 10 Immediately seal the capacitors.

6.11 The analytical tests on the fluid sample shall be as follows.

Test

Particle Count
Water Content (ppm)
Volume Resis t ivi ty  (ohm-cm)
Breakdown Strength (V/mil)

6. 12 Open the bleed valve on the side loader when the inne r can fluid
temperature has decayed to 100°F.

6. 13 Verif y that all electrical devices and all pressurizing gases are shut
off and secure.
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